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I. INTRODUCTION 

Once upon a time physicists believed that matter was made of 

protons and electrons. Then the neutron was discovered. There were 

now two particles, the proton and neutron, which were very similar, yet 

they were also different. Now there are many particles classified in 

groups containing members which are similar and also different. Exactly 

how are they similar? Exactly how are they different? Why do particles 

appear in such groups? These are some of the fundamental questions 

to be explored in these lectures. 

The neutron and proton have similar masses and strong interactions. 

They have different electric charges and electromagnetic interactions. 

The similarity of their strong interactions is expressed formally by the 

principle of charge independence of nuclear forces and by the symmetry 

of isospin invariance. The symmetry is broken by the electromagnetic 

interactions which do not conserve isospin but only the z component or 

electric charge. This symmetry breaking removes the degeneracy of 

the nucleon doublet, chooses the eigenstates of electric charge as the 

physical particles and introduces a mass splitting between them. 

The nucleon example shows the two kinds of internal quantum 

numbers now used to classify particles: 

1. Additive quantum numbers, conserved like charge or approximately 

conserved like strangeness. 



-3- FERMILAB-Conf-77/9?-THY 

2. “Non abelian” quantum numbers like isospin which label families 

of particles. These are associated with operators which change the 

members of a given family into one another. They thus do not commute 

with the charge operators and are called non-abelian. 

The non-abelian quantum numbers define families or supermultiplets 

of related particles. The additive quantum numbers label the members of 

the families and distinguish between them. Such a multiplet structure 

arises naturally in any model of hadrons built from basic building blocks 

in the same way that nuclei are built of nucleons. The mass number and 

charge of a nucleus are linear combinations of the number of neutrons 

and the number of protons in the nucleus. The isospin of a nucleus is 

determined by the permutation symmetry of the basic building blocks. 

In models where quarks are assumed to be the basic building blocks of 

hadrons there are several different types of quarks having different 

values for additive quantum numbers. 

The internal degrees of freedom which label the quantum numbers 

of quarks are called flavors and colors. The values-of the additive 

quantum numbers for any given ha&-on are linear combinations of the 

numbers of quarks of a given flavor and color, in the same way that the 

additive quantum numbers for a nucleus are related to the number of 

neutrons and protons. The non-abelian quantum numbers are related to 

permutation symmetries and the behavior under transformations which 

change the color and flavor of quarks. But unlike nuclear physics where 
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the nucleons are known and their properties and quantum numbers have 

been measured, quarks have not been observed. Thus the additive and 

non-abelian quantum numbers of hadrons were discovered experimentally 

and are well established independently of the validity of the quark model. 

This raises the question, Why do hadrons have abelian and non-abelian 

quantum numbers which suggest that they are made of quarks when quarks 

are not observed as free particles in nature? 

Some examples of the additive quantum numbers and the associated 

non-abelian symmetries are listed in Table 1.1. The question marks 

Table 1. 1 Additive Quantum Numbers and Non-Abelian Symmetries 

Additive Quantum Numbers Non-Abelian Symmetries 

Electric Charge Isospin 

Strangeness SU(3) U spin 

Charm SU(4) 

? Color 

Baryon Number ? Supersymmetry? 

Lepton Number ? 

Electron Number ? 

Muon Number 



indicate cases where either an additive quantum number or a non-ah&an 

symmetry are known but the companion quantum number has not been 

established and it is not clear whether it exists or is observable. 

Off in the corner is spin on the boundary between internal and 

external degrees of freedom. Although intrinsic spin is a property of 

a particle and is determined by its nature or intrinsic structure, it is 

also a physical angular momentum and can be rotated by interactions 

in space time. Rotational invariance is a symmetry which combines 

rotations in space time with rotations of the intrinsic spins of the 

particles. In a nonrelativistic theory, one can postulate symmetries 

in which the dynamics are invariant under separate rotations of intrinsic 

spin and space time. The impossibility of such a separation in a 

relativistic theory has led to many difficulties in including spin together 

with internal symmetries’ in symmetry groups like SU(6). These 

difficulties are outside ths cope of the present lectures and will not be 

discussed further. 

The transformations in the space of these internal degrees of 

freedom are described by symmetry algebras. These are well known in 

other areas of physics but they appear in particle physics a very different 

way. This is illustrated in Table 1. 2. Conventional applications 

begin in space time, then go to Hilbert space and then to the laboratory. 
2 

One begins in space time with a symmetry principle like rotational 

invariance which requires the equations of motion to be invariant under 
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Table 1.2 Symmetry Algebras in Physics 

Space time Hilbert Space 
Conservation Laws Operator Algebras 

Laboratory 
Multiplet Structure 
of Spectrum 

Rotations 
px+pxcos t3 +pysin .9 

J,M ‘J=n,n+l/2 
Conservation of ---)! 
angular momentum 

[Jx, Jy] =iJz;[ J2, Js=Oj-M=-J, . . . +J 

Charge Independence of ,Isospin Transformations ,Neutrons and Protons 
Nuclear Forces -i-s+ In\-1 : \In\ *have similar properties 

\P 1 (‘i”l(PJ 

Quarks ? + SU(3) Algebra.. . SU(6 I - Isospin-Strangeness 
8 Generators Multiplets.. . Spin 

Gauge Theories Unifying+GIM Mechanism.. . SU(4)+Peculiar Weak 
Weak and E. M. Currents. 

No.AQ=O;AS=l 

Charmed Particles 
Charmonium 

Quark Confinement Color Degree of Freedom Baryons have wrong 
Condenser Plate Model + SU(3 jcolor - statistics 
Non-Abelian Gauge Theories Throw wrong states out of 

Hilbert Space eh- Quarks are not seen 

Asymptotic Freedom 
Parton Models--Free Quarks * 

Scaling in Deep 
Inelastic Scattering 

SupersJmmetries ? - Graded Lie Algebras d- Baryons and Fermions 
exist 
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certain transformations. The dynamical \-ariables describing the system 

are classified according to their behavior under these transformations; 

e.g. as scalars, vectors, tensors, etc. under rotations. Conservation 

laws like conservation of angular momentum are seen to followfrom 

these invariance principles. 

The next step extends the classical implications of symmetries 

to the quantum theory where states of the system are described by vectors 

in HiIbert space and,dynamicaS variables by operators. To each symmetry 

transformation in space time there corresponds in IIilbert space a 

linear transformation of state vectors into one another. These state 

vectors can be classified into groups called multiplets or representations 

of the symmetry algebra which form closed sets transforming into one 

another under the symmetry. One also finds operators like the angular 

momentum operators which generate the symmetry transformations. 

The commutation relations among these operators generate an algebra. 

Analysis of the algebra leads to new operators like J2 which commute 

with all of the generators and determine the structure of the multiplets 

whose states transform into one another under the algebra. 

The next step is into the laboratory to examine those consequences 

of the symmetry algebra description in Hilbert space which are directly 

verifiable in experiment. The invariance of the Hamiltonian under 

symmetry transformations means that all eigenfunctions of the Hamil- 

tonian connected by symme.A +-y transformations must be degenerate. 
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The observed spectrum of states thus shows a multiplet structure with 

states labeled by quantum numbers determined by the symmetry algebra. 

In the case of rotational invariance, the multiplet structure consists of 

states labeled by quantum numbers J and M. The non-abelian quantum 

number J labels the entire multiplet which consists of 25 + 1 states and 

the additive quantum number M is the eigenvalue of the operator Jz and 

takes on values from -J to +J in steps of unity through the mtitiplet. 

In particle physics everything goes backwards. We do not start 

by an invariance principle in space time which requires invariance 

under isospin transformations and end with the prediction of isospin 

multiplets like the proton and the neutron. We start at the bottom and 

observe a multiplet structure of the spectrum. There are two states, 

the neutron and proton with very similar properties. We then go back 

into HiIbert space and ask what are the transformations xvhich lvould 

give rise to the observed multiplet structure. We find the SU(2) algebra 

which transforms neutrons and protons into one another. We then ask 

what kind of description in space time with a Lagrangian or Hamiltonian 

would naturally incorporate the symmetry that leads to invariance under 

these transformations in Hilbert space. The answer in this case is a 

model in which all complex nuclei are made from an elementary 

doublet building block, the nucleon, if the forces which bind nucleons 

together to make nuclei are charge independent. 
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The next multiplet structure observed in the laboratory was groups 

of several isospin multiplets having different values of strangeness and 

the same eigenvalues for all other conserved quantum numbers and 

similar masses. The search for the right symmetry algebra to describe 

this multiplet structure in Hilbert space took a long time because there 

were no obvious elementary building blocks, like the nucleon in nuclear 

physics, and there was no single obvious candidate for the symmetry group. 

The correct SU(3) algebra was eventually found and called the eight-fold 

way because it has eight generators and the lowest lying baryon and 

meson states were classified in the octet representation, the same 
.- 

representation as the generators. The search for a dynamical model 

which would lead to this symmetry in Hilbert space began with the puzzle 

of why the symmetry of SU(3) should describe a system with eight 

basic baryons and eight basic mesons rather than some group of trans- 

formations in an eight dimensional vector space. One answer was that 

the mesons and baryons were not elementary objects but were composites 

built from yet unknown basic building blocks with only three states. This 

elementary triplet, named the quark, is very peculiar because it has 

fractional electric charge and baryon number, and because it still has 

not been found. 

Soon after the SU(3 1 symmetry came SU(6) which followed fro m the 

observation that SU(3) multiplets with different spins fit together into 

supermultiplets of the SU(b’! algebra, as one would expect for composite 

models with basic building blocks having three flavors and spin one half. 
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The next set of symmetries were discovered neither forward nor 

backward in the chain “space-time-Hilbert-space-laboratory, ” but via 

more complicated paths. One began in space-time with gauge theories 

unifying lveak and electromagnetic interactions 3 
and in the laboratory 

with the observation that there were no strangeness-changing neutral 

weak currents. The addition of a fourth quark flavor4 and an SU(4) 

symmetry with the GIM mechanism5 for suppressing neutral strangeness- 

changing transitions was motivated by the peculiar structure of the weak 

currents observed in the laboratory and led to new predictions that 

charmed particles and charmonium states should be observed in the 
_ 

laboratory. The SU(4) model received a new impetus when the neutral 

strangeness-conserving weak currents were observed. 6 
There were 

now charged currents both strangenes s conserving and strangeness 

changing, but the neutral current conserved strangeness. The charm 

model gave this kind of current in a very simple way, while no other 

model gave such predictions. The completely independent theoretical 

discovery that gauge theories unifying weak and electromagnetic interactions 

were renormalizable71ed to a renewed interest in these theories and the 

subsequent experimental discoveries of neutral currents and charm gave 

a strong plush to the development of gauge theories. 

The color degree of freedom and color symmetry8 was motivated by 

three different discoveries in the laboratory. 1) That the baryon 

spectrum is described simply in the quark model only if quarks have the 
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wrong statistics. 2) That free quarks have not been discovered and 3) The 

scaling phenomenon discovered in deep inelastic lepton scattering. h 

the Hilbert space, one finds that the statistics problem can be solved by 

introducing a new color degree of freedom with three colors and requiring 

the low lying baryon states to be singlets in color sU(3). The observation 

that quarks, diquarks, or other states with fractional electric charge 

have not been seen is explained by pushing all states which are not color 

singlets up very high in mass or throwing them out of Hilbert space an 

together. Thelatter is the limit of pushing them up in mass to the point 

where they have infinite mass. A search for a dynamical theory described 

in space time which would have these properties in Hilbert space led to 

non-abelian gauge theories which depressed all color singlet states and 

might lead to quark confinement, and the pushing up of all non-singlet 

states to infinite energy. This happens exactly in a 1 + 1 dimensional 

model 9 where a quark-antiquark pair are like a pair of condenser plates 

and separating the plates requires infinite energy. 

A different path to color and non-abelian gauge theories started 

with the observation that the experimentally observed scaling could be 

obtained from parton models in which quarks behaved as free point-like 

objects in deep inelastic scattering. The question of how quarks can be 

so strongly bound that they can never escape, while nevertheless 

behaving as quasi-free particles led to the discovery of asymptotic 

freedom 
10 and infra-red slavery in which quarks interacted with weak 
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short range forces and strong long range forces. It ‘.vas t:?en found that 

the only theories which had this asymptotic freedom property were just 

the same non-abelian gauge theories needed to solve the quark statistics 

problem and the saturation of bound states at the quark-antiquark 

and three-quark levels. 

New speculations of possible additional symmetries are motivated 

by the existence of the additive quantum numbers of baryon number and 

lepton number. 
11 

There are suggestions that states having different 

eigenvalues of these quantum numbers could be grouped into larger 

supermultiplets in a new scheme which would eventually unify all of 

particle physics. The inclusion of states with even and odd baryon 

number requires a different mathematical structure from the discrete 

symmetries and Lie algebras used for conventional symmetries. The 

appropriate algebra to use in Hilbert space is called a graded Lie 

algebra. These are related to dynamical symmetries in space-time known 

as superslmmetries. 
12 

The unification of states having different baryon and lepton numbers 

but without mixing bosons and fermions has been explored with the aim 

of putting quarks and leptons, the basic building blocks of all particles, 

into a unified scheme. These new speculations on superslmmetry and 

quark-lepton universality have not yet led to any verified experimental 

predictions and are still at a very early stage of development. They 

will not !be discussed further in these lectures. They are discussed 
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1 
elsewhere at this course. Eopeiillly they will lead ultimately to the 

answer to the question, “1Vhy is t!lere charm strangeness, color and 

all that?“. 

II. STRANGENESS, CH4RM AND MASS SPLITTINGSi 

Because symmetries are introduced backwards in particle physics, 

there is no unambiguous way to introduce symmetry breaking. In 

conventional applications like rotational invariance in atomic physics, 

the symmetry is broken by a well understood mechanism, such as an 

external magnetic field, Twhose transformation properties under 
-, 

rotations are known. The symmetry algebra can then be used to calculate 

the splittings of levels and transition matrix elements. But in particle 

physics there is no underlying theory to specify the transformation 

properties of the symmetry breaking interactions. 

One starts in the laboratory by noting that pions and kaons have 

different masses, and that additional strangeness goes with increasing 

mass. By analogy with the breaking of rotational invariance with a 

magnetic field that transforms like a vector under rotations, one can 

assume that the breaking of SU(3) symmetry transforms like the SU(3) 

analog of a vector, namely an octet. This gives the Cell-Mann-Okubo 

mass formula. But there is no theory to tell whether the formula applies 

to linear masses, quadratic masses, some exotic power of the mass, 

the S-matrix, or to “reduced” matrix elements with certain kinematic 



-141 FEBMILAB-Conf-77/93-THY 

factors removed. The original folklore suggested linear mass formulas 

for baryons and quadratic formulas for mesons. These gave good aqeement 

with experiment for SU(3) and SU(6) mass formulas. But the quark 

model gave results which related baryon mass splittings to meson mass 

splittings, in particular, the naive assumption that the difference 

between strange and nonstrange quarks relates meson and baryon 

splittings as well as mesons and baryons among themselves. Within 

the meson and baryon supermultiplets these quark model relations are 

equivalent to SU(6) relations. But between mesons and baryons they give 

something new, which agrees with experiment when linear masses are 

used. The situation was summarized at the 1966 Berkeley conference 14 

by the “crazy mass formula” 

Q:;: L. L,Q 
Kuir = K -p = c:‘:-4 = Z-C (2. 1) 

where the L above the equality implies that linear masses should be used 

and the Q above the equality implies that quadratic masses should be used. 

Khile there are many ways to derive some of these equalities, 

no credible model includes both the linear and quadratic relations involving 

the same vector meson mass splitting. But the experimental agreement 

with the crazy formula is sufficiently impressive to suggest that it cannot 

be wholly accidental. 

The discovery of charm allows a similar formulato be written for 

the charmed states by simply replacing all strange quarks in (2.1) by 
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charmed quarks. The result is 

Q 2:: L 
D-nzD-p=C*?a= , 

where the last equality is left open since the doubly charmed baryon 

analogous to the S has not yet been found. This formula also agrees 

with experiment, as shown in Table 2.1. Thus changing a nonstrange 

quark in the p to a strange or to a charmed quark produces a linear 

mass shift which is equal to that produced by the corresponding change 

of a quark in the A, whihile the shift in squared mass is equal to that 

produced by the corresponding quark change in the pion. 

An interesting relation between the spin splittings of the masses 

of strange and nonstrange baryons was given by Federman, Bubinstein 

and Talmi i5 in 1966 

(i/Z)(C + 2c 
i:: 

-3A)=A-N . 

Experimentally the left and right hand sides of this relation are 307 and 

294 MeV, which is rather good agreemeat. This relation foIlows from 

the assumption that the mass differences are due to two-body forces 

which are spin dependent. The right hand side is just (3/Z) the difference 

between the interaction of two nonstrange quarks in the triplet and singlet 

spin states :vhen these quarks are bound in a nonstrange baryon. The 

left hand side is the same difference for a nonstrange quark pair bound 

in a hy-peron (the particular linear combination chosen causes the 

(2. 2 1 

(2.3) 
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contribution from the strange quark interaction to cancel out). The 

experimental agreement indicates that the assumptions of two-body forces 

and SU(6) spin couplings in the wave functions are good approximations. 

Here again the relation can be extended to charm by replacing 

strange quarks everywhere with charmed quarks, 

(i/2)(Ci + xi:: - 3CO) = A - N . (2.4) 

Since the present experimental information on charmed baryons 15 gives 

a mass of 2260 for the Co and a mass of 2500 for a broad peak interpreted 
:: 

to be the unresolved Ci - C1 combination, it is convenient to rewrite 

Eq. (2.4) as 

::: 
(cl +2C1 )/3 =C,+(2/3)(A-N) . (2.5) 

The left hand side is a weighted average of the Ci and C1:” masses, 

which can be roughly approximated by the value 2500 MeV for the 

unresolved peak. The left hand side is 2456 MeV, which is in reasonable 

agreement. So the spin interactions of the ordinary u and d quarks in 

charmed hadrons are the same as in nucleons and hyperons. 

We see that charm really behaves very much like strangeness, 

and that :ve don’t understand it either! 
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Table 2. 1 Experimental Tests of Crazy YIass Formula 

a) Strangeness Splittings 
Q ;:: L L, Q 

I< - ll =K -p =13‘.fC-A = z- c 

4M(GeV) 0.35 GeV 0.12 0.15 0.12 

4N2(GeV)2 0.22 

b) Charm Splittings 

D-rr 

AM(GeV) 1.72 

AM2(GeV)‘3. 3 

-- 

0.20 

Q ::: L :> 
= D -p =C -A 

1. 23 1. 26 (if MC::: = 2. 5) 

3.4 
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III. HIGH ENERGY SPECTXOSCOPY17 

3. 1 Introduction 

Sew particles are awaiting discovery with new accelerators, but 

it is not clear how to look for them, particularly since the most exciting 

new discoveries have unexpected and surprising properties. Suggestions 

from theorists are of dubious value. Even when they are right their 

advice is usually useless and following it exactly usually leads to missing 

something crucial. But something equally crucial can be missed by 

ignoring their advice. After each discovery it usually turns out that 

some theorist predicted it. But dozens of equally plausible suggestions 

also trade at the same time led nowhere and it was by no means 

obvious which approach wouXd be fruitful. This makes life difficult for 

experimentalists and program committees trying to decide what experi- 

ments to do. But if their tasks were easier and the outcome of experi- 

mental investigations could be predicted in advance, research would be 

much less exciting. 

The recently discovered new charmonium specfroscopy presents 

an instructive example of these difficulties. At the 1975 Palermo 

Conference I was given credit 
18 for predicting the discovery of these 

particles on the basis of the analysis 19 shown in Table 3. 1 of the new 

particle search proposals in 1972 at Fermilab. The conclusions were 

that the searches for quarks, monopoles, tachyons, etc. were not apt 

to lead an)v/here and that the really exciting search would discover a 
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particle not listed in these proposals and v~hich the theorists had not 

thought of. This ;Irediction is not strictly correct if the new particles 20 

discovered since November 1974 are indeed bound states of charmed 

quarks and antiquarks as they seem to be today. Such states were 

proposed by theorists4 a long time ago and their properties were 

investigated in detail. However, in 1972 there were no charm search 

proposals at Fermilab. Even in the summer of 1974 when charm 

searches suddenly became fashionable and theorists suggested xays of 

looking for charm, 
21 

there was no suggestion that charmonium or 

hidden charm would be found long before charm itself or that the most 

fruitful search would be for very narrow states produced in electron- 

positron annihilation. The reason why these suggestions were not 

made is instructive. Two crucial missing links in our understanding 

of hadron properties prevented the appropriate suggestions from being 

made and taken seriously. These were the existence of neutral weak 

currents 6 and the mysterious selection rule attributed to Zweig, 

Oktibo, Iizuka and others. 
22, 23, 24, 25 

In 1971 hadron spectroscopy was well described by the conventional 

quark triplet with three quarks and no fourth quark was needed to 

describe the observed states. The motivation for charm came entirely 

from xrveak interactions Inhere a number of attractive looking theories 

encountered difficuities in predicting the csistcnce of neutral weak 

26 
currents m flagrant contradiction xvith experiment. The introduction 



of a fo~~rth charmed quark with the CIX mechanism 5 
cancelled out all 

the strangeness changing neutral currents and removed the disagree- 

ment v;ith experiment. But the strangeness conserving neutral currents 

were not cancelled and there was no experimental evidence for such 

weak neutral currents. There was also no convincing evidence against 

them, but most particle physicists assumed that this v;as simply a 

problem of experimental techniques. Sensitive experiments testing 

strangeness-changing neutral currents were much easier than tests of 

strangeness-conserving neutral currents, and there was no obvious 

reason ~why one should be absent-while the other was present. Thus a 

model which looked attractive to theorists did not seem attractive to 

experimentalists because it predicted all kinds of unobserved exper- 

imental results and then had to introduce various ad hoc cancellations 

to get rid of them. Furthermore the same theorists of the Harvard 

group who proposed the charm model to get rid of strangeness changing 

27 
neutral currents had more complicated models with additional heavy 

leptons that could get rid of all neutral currents. There was a general 

proliferation of models each introducing either new quarks, new leptons 

or new ad hoc couplings of electromagnetic and v!eak currents. They 

were all equally believable and each suggested different experiments 

to test its validit>-. It was hard for an unprejudiced esperimentalist 

to know :T;hich model should be taken seriously or whether the whole 

picture of gauge theories rx:as v:orth considering seriously at all. 28 
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Everything changed \vith the discox.,ery of the weak neutral currents. 6 

it \:‘.a~ now clear that nature had placed the strangeness conserving and 

strangeness violating ncuiral currents on a completely different basis 

and the most natural explanation for this difference came from the 

GIN mechanism5 which required the existance of charm. So the charm 

model suddenly jumped from being one of many dubious theoretical 

models with ad hoc assumptions not justified by experiment to the 

simplest and most reasonable model available which would explain a 

very striking and important new experimental result. 7.9 
Attention 

immediately turned to charm searches. 

The charmonium states, bound states of a charmed quark-antiquark 

pair r:ere also predicted, and it was also realized that the decay of 

these states would be inhibited by the same OZI selection rule which 

prevents a strange quark-antiquark pair from disappearing in the 0 

meson decay to produce final states without strange quarks. However, 

estimates of the suppression factor v:ere off by a large factor because 

the ;:idth of the b- pn decay was the only experimental evidence avail- 

able for the strength of transitions violating the selection rule. XvhY 

the charmonium states are so much narrower is still not understood. 

It is now 2 1/Z years since the 3 particle was produced at 

Brookhaven by Sam Ting and collaborators. But even though we 

recognize the importance of Tingls discovery and great effort has gone 
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Vito scbseTJent investigations we siiil !;llov~ :-cry little about the pro- 

ductior? mechanism for the .J in those experirr:ents. 

The OZI rule allows this J production only with an accompanying 

pair of charmed particles. But there is no evidence for this charmed 

pair, and the J production seems to go via some mechanism 
25 

which 

violates the OZI rule. 

Except for this absence of charmed pairs xe know very little about 

the final state in the reaction which includes the J. Thus, it is very 

difficult to estimate production cross sections for other new objects in 

hadroni~c experiments and any extrapolation of Ting’s results for such 

estimates contain so many unknown factors that they are extremely 

unreliable. Since the narrow width of the J is not understood all 

estimates of the strength of couplings of nel;: objects to ordinary hadron 

channels are unreliable. Future experiments might provide new 

insight into these fundamental uncertainties. 

All properties of the charmonium states were predicted well except 

for the most striking property, the very narrow width which was crucial 

1. m tnelr discovery. Similar theoretical considerations and difficulties 

can be expected to arise in predicting the properties of states to be 

discolrered v:ith new high energy accelerators. So theoretical guide- 

lines should not be dismissed but sk~ulcl be considered with the viexv 

that they may be even 90% correct, !JI.I~ a crucial 1070 may be missing. 
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3. 2 Signal and Koise in High 1Ias.s Spectroscopy 

P,esonances with masses in the several GeV range have very many 

open decay channels. Their branching ratios into any one exclusive 

channel are of the order of O.i%. Since the signature for the detection 

of such a resonance generally picks a particular decay mode, the signal 

is proportional to the branching ratio and is very small. The crucial 

factor in discovering and confirming such high mass resonances is the 

signalto noise ratio. 

It is useful to define a figure of merit F(P,T) for the prodo=- 
tion of particle P, by observing a characteristic T of the final 
state ++h may either be used as a trigger or as a signature for 

picking out events. The trigger ? zay be either the full focal 
state like the electron pair in the decay of the J, or one of the 
particles produced inclusively in the decay such as a single PUOX. 
the figure of nerit is defixd by tSe relatioa 

F(P,T) = o(P+X) - ER(T)/o(T+X) (3.1) 

here o(PCX) and c(T+X)denote the cross sections inclusive for 
production of the particle P and the trigger T in the reaction 
under coxideration and W.,(T) deaotes the branching ratio for the 
appesrmce far the tripper T in the decay of the particle p. 

Exenination of Eq. (3.1) shows that the o?tioization of the 
figure of merit nay best be achieved by finding e-trigger T \:ith 
low inclusiv: production. The charac:eristics of the signal appear- 
ing in tile numerator rd.11 not be cheqed very much by choosiag a 
different trigger or a different production necbanisn. However, the 
denonir.ator -iiay be reduced by a lar 
for which the background is low. 

ge factor by choosing a trigger 

by redwtng the 
Possibilities for improving F(P,T) 

noise seea to be zore 
the signal. \,:e examine three possible 

favorable than by enhancing 
approaches to noise reduction. 

1) Prodaction of a lox noise si~;nal. The signal can be 
produced by a mechenisr which naturally has a 10x-r backgrouzd, as in 
the production of the Y as 2 mry il2rrOi7 resonmce in et-e 
annihilation. 



2) A 101.7 noise sisn2.l signature. 
can be found which has 

An exclusi-e decay channel 
2 lo:: ?roducticz background es in the detec- 

tion of the J particle by its leptoaic decay code. 'Lhe particular 
case of :. signatures is of Interest. 

3) Use of backzrouzd sivature ---- Since 
the background can ap:eer zi the hioi~ 

many partial ::a:,25 in 
‘~, iiass availeble ard only a fe;q . 

in the signal, the backgro-nd may have a characteristic strccture 
which enables cuts in selected kinezaric regions of the nult;parti- 

de phase space to reduce the noise by a large factor. 

Production of Low Noise Signal 

The production of a new particle r:ith a very low background is 
possible for a narrow s-channel resonance whose cross section is 
very much enhanced over t'be background 2.0 2 mrrow energy region. 
This approach can be used only for the production of resonances 
having the quantum numbers available in the initial state. It is 
particularly suitable for the production of vector meson resonances 
in electron-positron annihilation. 

or of 
For-states which do not haves the quantum numbers of'the photon 

the meson-baryon, nscleon-nucleon or nucleon-antinucleon 
system, some possibilities exist for production via the decays of 
states which do have these quantua nnabeers; e.g. in the production 
of the positive parity charmoniun states by radiative decay of the 
+I and the production of charmed parricle pairs by the decays of 
higher vector resonances. 

For states not easily produced in this way end ay;ailable only 
in inclusive production there is no simple mechar.ism for reducing 
the multiparticle background by choice of a particular production 
mechanism. 
duction, 

This applies to most cases of hadronic resonance pro- 
as in J production where no one production nechanisn seems 

to be superior by any large factor. 

Low n'oise Trisgers and d Signature Spectroscopy 

The triggers which have low inclusive produciion cross section 
in nor-al hadronic processes include photons and leptons produced 
by electromagnetic interactions. 
a relative to hadron production. 

These are suppressed by pavers of 
Soi- examples are the lepton 

pairs used as the signature for tSe discovery of the J particle, the 
photons used as a si.gnature to discover even parity cSarnoniun states 
produced by the decay of the 0' and the two-photon and nulti?ho:on 
channels used for the possible det ection of the pseudoscalar mesons. 

In addition to these electrozagne:ic triggers v'nich have al- 
ready been used successfully, particles like the o and f' rclhic'n xe 
suppressed by the OZI rule in nonstrange hadron reections night 
be used successfully. T‘nesc appear 2s signatures for states whose 
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brazzhln~ o ratios into decay cha2azls ixw3lvi.n; 3 and f' are not 
suun:es:ss< by significant factors o-:e: other dzcays. . 0 signature 
spec:rosco~y looks zttrnc;ive Far s~zies decsyizg into z 0 'ascaus~ 
~ncl~;sivs I$ production v:: ;hout kaor.3 2 forbidi for nucleon- 
nucieo;: and pion-nucleon reactions .zrd the back:zround should be 
snzd 1 . Typical suupression fx:ors observed exoerinentallv for 0 
pr.oduction are a factor 
rc*cticy,;30 

0' 500 b5lo:: W production in pion-nucleon 
at 6 GeV/c or r^. factcr cI 

Fernilab energics.3i 
100 belo:: pion p:odcctioa at 

Tile C is e-asil:: detected in the it’ K- decay 
mode at high energies because :he CJ 0: the decay is so 10~ that 
both kaons will pass together in the seine cm of a s~ectro~,~t~r sod 
will not trigger o Cerekcov detector szt for pions. 3;1 An e"Pn 
smaller bnckground vould be expected in 90 spectroscopy for states 
expected to decay into txo 0's. E~an?les of such states ere iso- 
scalar bosons even under charge conjugation rr'nich hew the structure 
of a quark-antiquark pair, either strange, charced, or 53112 new 
heavy quark. 

"Strangeonitm" States of a strange quark-antiquark pair are 
alloired by the 021 rule to decay into $0 and should have a conpara- 
tively strong branching ratio. Such strangeonius states are of 
general-interest since no such states above the 0 or f' are well 
known. our present knowledge of charmnium spectroscopy is et pre- 
sent n.uch better than strzngeoniun because the low noise electro- 
magnetic signature of lepton pairs md photons enables charnonium 
to be seen much more easily. Even if 00 spectroscopy does aot lead 
to the discovery of any no-v chamonicx or "x-onium" states Fade 
from fieavy quarks of type x, the develosaent of strangeoniux spec- 
troscopy would add to our understen2ir.g of hsdron dynamics. 

The 0 decay of chamoniun or ):-mim is singly forbidden by 
0~1 or other quark lige rules sad is therefore on the sme footing 
as all other hadronic decays which are also at least siilgly forbid- 
den. Estimates of the 00 branchin g ratios for t'nese particles are 
of the order of O.l%, which is probably only e small factor below 
the pg branching ratio. The 03 background should be very much lower 
than :he pp back$rouad and therefore can provide a fruitful trigger 
for sxh staces.x The most interesting of such smtes e: present 
are the 2seudoscalar states of chtrnsniux or of the new heavier 
quarks if they are there. 

One estiaatc for (x:~..)-._~;r?2, is 'brs2-l o* tilf 3x~ln:y 1:it.n 'j -* 6" -. 
r,:hiclh also involves anLiliilntion of i !lezvy q.~ark plir ax! cr.xltio* 
of t::3 strange quark pairs. tbloti~~r is b,?szd 02 the z?.aloSy ‘j -> pii 
2nd (xx) -f p;, and used SU(3) to r212:2 $'i to pa. 
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single 0 spectroscopy would b P cs$fulftalsz in,observing deca;-s 
of higher strange resonances such 2s KS, ii , Z : 2"; o and 0;" which 
could de:ay into lower resmances with the saw quantu3 ;zu&ers by 
0 emission: above the threshold. Soxtrange baryon resonances at 
high nzsses have been observed by thz technique of pion-nucleon 
phase shift analysis. + spectrosco?y nay ex.ble the discovery of 
corresponding resonances with different quanwn numbers not 
accessible to phase shift analysis. 

States like the Fc meson containing both charn and strangeness 
might be observed by the decay into 2 0 and a pion or leptoa pair. 
The $7 decay node might also be useful in the search for the exotic 
four-quark states discussed in section VI. 

The ?i; decay mode is particularly interesting in searches for 
new objects, because C,;r decay is forbidden by the OZI rule for 2 
boson ronstrx:ed from 2 quark-antiqserk peir. ithUS r2So*ances in 
the $7: system indicate either a nex o5ject like a four-quark syste21, 
an OZI-violating strong decay OF a (:?z*zentionzl boson, or a cea~L 
decoy into a system containing a stranxe quark-antiquark pair. 

A partial list Of states which zi$!t be detected by ,J sig?a- 

ture spftitroscopy are 

Single 5 spectroscopy: 

p -, K + Q 

* 
IL + 6 + I$ 

i 
z -+Zi-$ 

.'- 
: _ -tflQ 

fix -* (I- + $ 

* 
e -> p& $ 

F+ -> Ti + 0 

F' -t leptons + 0 

?; -i x0 + Q 

A; -)- P' + 0 

! 

id 
I 

i (3. L)! 

(3. 2b) 

(3. 2c,j 

(3; 2d)i 

(3.2e)' 

(3.2f)' 

(3.2g); 

(3. 2h): 

(3. 2i) 

(3.2j) 
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O-1 spectroscopy 

qc + c+ 0 

chxmniun (cF)cj++$ I 0 

strangeoniu;zi (sZ) c=+ -’ 0 + 0 

x-on&n (xY, w!lere .x 1s a r~erc hzevy quarkICCL+ 0 t Q 

Above 3 GeV the possibiliiy of ohs=rving 3) decay arises. 
Vector mesoa states like the 9' and other higher ;-.enbers of the Q 
fanily can decay into three vector ~zsons. 'il-.z d3knsnt 3V final 
state i;ould be opp b;it 33 LXX.I~~ be of the sax order of magnitude i;l 
the SU(3) s);xwtry lizit. The 3: sthte would >82-,-a a u;lique signa- 
ture axd a very lov bnckgroucd. 

The use of $ tr:iggers carr thus lead to v>.risxs kinds of inter- 
esting physics. r The rlrst step 1s tne understzeing of $ production 
itself, by rxanining the ocher particles prod::cxI along rjith the 0 
imd lookin:: for px resoxwfs. U!td2r;:?.n:iin~ :hs rdchanisxs for 9 
prod12c~ip~~ can prwidc insigh: ia:o :!o:els for particle productioa, 
even if no ne[I phcr.on?r.a or rCSO;l3nC?S are fO.25. Sut chances are 
that some part OF the production xi11 be dui to decays of higher 
resonances, and ;~t this stage say resonance r:ith il .j-ticcay mode is 
Interestlnq. 

Background Siqnatures 

The signal to noise ratio can be inproved by the alternative 
approach of characterizing peculiar signatures for tS.e background 
in order to enable its removal from the signal. ibis approach is 
based on the fundamental difference between the spectroscopies of 
the high cass resonances and old low-lying resonances. The conven- 
tional low-lying resonances show up as peaks in cross sections with 
particular decay angular distributions against a cosparatively 
smooth aad structureless background. At high nass the background 
may have a oore striking and easily identified structure than the 
signal. 

High mass resonances are states of low angular r,cmentum decaying 
primarily into multi-particle channels. Their decays reflect the low 
angular ‘;Iozentum by containin g very f=:.r parital wxes all having 
relatively low angular oonentum. The backgrouxi on the other hand 
can have very large angular momenta in d a sharp structure in yeomen- 
turn and angular distributions are present in the signal. A snail 
portion of the multi-particle phase space could include a very large 
portion of background events. in this case the signal to no;se 

(3.3a) 

(3.3b), 

(3.3c) 

(3.3d) 
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ratio vould be improved by a cut exclcding this saall volme of 
phase sgace. The exact kind of cut to be effective depends on the 
individtial case and could be most easily decided by exaainiag the 
bac’qroucd and looking for its most striking features. 

Consider for example the sear&h for a nev particle in a parri- 
cular four-particle decay channel by looking for peaks in the mss 
spectruz, e.g. looking for a charmed baryon decaying into h3;r. me 
problem is h0r.r to us2 the angular distributions of these four parti- 
clesin the center-of-mass system of the four particle cluster 
(hopefully the rest system of the nei: particle) as a means of distin- 
guishing between signal and background. Three axes are relevant 
for examining the angular distributions, (1) the direction of the 
incident beax momentum, (2) the direction of the nomantull of the 
four-particle clusters, and (3) the normal to the production plane. 
Signatures c‘nich characterize the ne:z! particle appear ~lost clearly 
in angular distributions l:ith respect to the direction of the momen- 
tum of the four-particle ciuster or cith respect to the production 
plt3Ile. But signatures for the noise i:ill show up in angular distri- 
butions with respect to the incident bean direction. 

Background from uncorrelated particles whose mass happen 
accident17 to fall in ths lcsired ?ai?ge should have agular distri- 
butions with respect to t>e incident beam direction sinilar to those 
for single-particle inclusix'e Productions. They should be peaked in 
the forward and backward directions with a rapidly falling cxtoff in 
transverse nonentum. Sackground events could show Eorrjard-backward 
LlF,ym;netry or a tendency to be concentrs ted in cones foreyard and 

backward relative to the direction of the incident beam. The signal from 

decay of a D meson of spin zero should show a completely isotropic 

angular distribution with respect to any axis. Particles of non-zero 

spin might have some anisotropy in their angular distributions if they are 

polarized in production. But these \rill involve only low order spherical 

harmonics and mill not concentrate large numbers of events in a small 

region of phase space. Thus a cut eliminating events in which one or 

more particles appear Vjithin a narrow cone forward and/ or backward 

with respect to the incident beam direction could reduce the background 

considerably with a negligible effect upon any signal coming from the decay 

of a low angular momentum state. 
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.AS an example consider a four particle decay into a baryon and 

three nions of a state produced by a high energy accelerator beam hitting 

2 fixed target. This state appears as a four particle cluster with a low 

mass in the several GeV region but with total laboratory momentum 

in the 100 GeV range. In the center-of-mass system of the cluster the 

momenta of the baryon and of the pions are all small and of the same 

order of magnitude. In the laboratory the baryon has a much larger 

momentum than the pions because of the effect of the mass on the Lorentz 

transformation. If the baryon is not a proton and cannot be a leading 

particle the inclusive momentum distribution for the baryon and the pions 

can be expecfed to be very different in- the relevant ranges. In particular 

the momentum distribution for high momentum hyperon or anti-hyperons 

could be falling rapidly in this region ;vhile the momentum distribution 

for relatively low momentum pions could be rising. This would appear 

in the center-of-mass system for the multi-particle cluster as baryons 

being preferentially emitted backward and pions preferentially emitted 

forward. Cutting out events in which all pions are in the forward hemisphere - 

Tvould thus appreciably reduce the background, but would only remove 

one eighth of the signal. Using a cone instead of a hemisphere would 

interfere even less with the signal and still substantially reduce the 

background. 
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IV. QlJfUX~ONIGM SPECT2OSCOPY 
17 

-Among the new exciting states hopefull:; .$vaiting to be discovered 

are sets of positronium-like mesons made oi a quark-antiquark pair 

with the same flavor. These include” strangeonium” states like the o 

and f’ of a strange quark-antiquark pair, charmonium states like the 

J/ $ family, and states made from quarks of new flavors as yet 

undiscovered. 

4.1 Flavor Dependence of the Spectrum 

Strangeonium (~3’) spectroscopy is still in its infancy, and is not 

yet as well developed as charmonium spectroscopy, even though 

strangeness was known over two decades before charm. The reason 

for the comparatively slow development of strangeonium spectroscopy 

is the absence of a good signature having a high figure of merit like the 

electromagnetic signatures used to detect charmonium states. The 

dominant decay modes of the strangeonium states are KEX which are 

allowed by the OZI rule and which also appear in the background. As 

a result the higher strangeonium states are expected to be broad, have 

comparatil-ely low branching ratios to electromagnetic channels, and 

no striking signature different from background below the o $I threshold. 

Charmonium (~75) has given rich experimental results because the 

dominant OZI allowed decay channel, DB, is closed for 2 large set of 

lo\v-lying states including the radially excited s -wave (the 4’ ) as well 

as the lowest p states. Thus these states are all narrow and have 



-32- FERMILAB-Conf-77/93-TIIY 

appreciable branching radios and couplings to electromagnetic channels 

like e:e-, r7+,yy and i’X. The vector meSOIlS States are therefore 

T - 
easily produced in e e annihilation and photoproduction experiments, 

and can also be detected bp leptonic decay modes if produced by other 

means. Other states can be produced by cascade decays of the higher 

vector mesons and recognized by the presence of photons from the 

decay which produced them or from their own decays. 

Higher x-onium states from heavier quarks with new flavors are 

expected in many theoretical models, and evidence for such a state 

has been reported. 
32 Eichten and Gottfried 33 

have pointed out that such 

states should show an even richer spectrum than charmonium, because 

of theoretical arguments showing that more states lie below the OZI- 

allowed threshold for increasing quark mass. This threshold for the 

decay of an (x5?) meson is at twice the mass of the lowest (xii) state; 

e. g. 2Nii for strangeoniua and 2?JD for charmonium. Eichten and 

Gottfried argue that the lowest vector state, analogous to the 6 for 

strangeonium and the 4 for charmonium, is farther below the threshold 

as the qJarir mass increases, continuing the trend seen in the 6 and 

the u. Thus the range of excitation energy available for narrow OZI- 

forbidden resonances increases with quark mass. 

4.2 Quarkonium production mechanisms 

Quarkonium production for states \vith flavors absent in the initial 

state is forbidden in stron, n interactions by the OZI rule. Electromagnetic 
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(s) pair creation is not suppressed and is comparable to other (q?j) 

production if the x-quark has an electric charge. However, the production 

of (SS) from a single photon occurs only for states with the same quantum 

numbers as the photon, namely odd-C vector mesons. 

Processes involving the Pomeron might not be suppressed by 021. 

In the SU(3) limit the Pomeron couples equally to strange and nonstrange 

quarks, and a factorizable Pomeron carries no information on strange- - 

ness from one vertex to another. This is borne out by the total cross 

section for iN scattering, which has no OZI-suppression factor, and 

is only lower than o(m) by the same amount that u(KN) is below a(rN). 
.- 

This small effect is naturally understood as SU(3) breaking in the 

couplings of the Pomeron to strange and nonstrange quarks, and is not 

related to the connected and disconnected quark diagrams of the OZI 

rule. Thus in a multiperipheral process, the f’ is emitted by a Pomeron 

about as easily as any other tensor meson. In the particular case of 

double Pomeron exchange, 
34 

one should expect to see f’ production 

comparable to f production. In a Mueller diagram for the central 

region, 
21 one should also expect comparable 6 and w production and 

comparable f and f’ production if the Pomeron is approximately an 

SU(3) singlet as commonly believed. 

There is no contradiction in the violation of 021 rule by the 

Pomeron, since the connected quark diagrams used to describe Reggeon 

exchanges do not apply to the Pomeron. However, in models where the 
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Pomeror. is “built” from other trajectories, 
35 

there may be some 

II rnernor~:” of quantum numbers propagated a small distance down the 

multiperipheral chain and a consequen. + respect for 021 at moderate 

energies and low multiplicities. This question is still open. It could 

be tested by looking for the f’ in processes where the f is produced 

by a mechanism which seems to be double Pomeron exchange, or by 

looking at the o/ w ratio in the central plateau. 

Experimental data on 9 photoproduction seem to indicate that the 

coupling of the $J to the Pomeron is considerably less than that of 

ordinary strange and nonstrange mesons. This must be taken into 

account in estimating production cross sections for new particle production 

by Pomeron exchange. But this flavor dependence in Pomeron couplings 

should not be confused with the OZI rule which is determined by the 

topological character of quark diagrams. 

Hadronic production of quarkonium states may have a very different 

dependence on the spin and parity quantum numbers than electromagnetic 

production, which favors vector mesons. There are suggestions that 

the OZI rule holds much better for vector mesons than for pseudoscalars. 

In QCD, where the rule is broken by annihilation of a quarkonium pair 

into gluons, three gluons are required to annihilate a vector state, T:ihile 

a pseudoscalar can go into two gluons. There are also experimental 

arguments which show that OZI violating processes are stronger in the 

pseudoscalar state than in the vector state. The absence of ideal mixing 
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in the io~;est pseludoscalar nonet is evidence for 021 violation, since the 

interaction which mixes strangeonium and nonstrangeonium effectively 24 

violates 071. Xore recently there is experimental evidence from 

radiative decays that the OZI-violating transition between charmonium 

states and light quark states is stronger in the pseudoscalar state than 

in the vector state. 36 

In radiative decays of charmonium to a photon and light quarks, 

there are two possible transitions (a) The photon is emitted by the 

charmonium system before the transition into light quarks, In this 

case the photon cannot carry away isospin and the final light quark state 

must have isospin zero; (b) The photon is emitted by the light quark 

system after the OZI-violating transition of the charmonium into light 

quarks. 

(cc;I=O, Jp=i-) 
P 

- (cc?;I=O, J’=Jf f, 
P 

+ y - (q?j;I=O, Jp=Jf f, + y (4. la) 

(CT;I=O,Jp=l-) - (qG;I=O, JP=l-) 
P 

- (qq;I=If, Jp=Jf f, + y . (4. Ib) 

In case ia) the photon carries away its angular momentum and parity 

before the OZI violation, and the violation occurs in a system having 

the space-spin quantum numbers of the final state. In case (b) the 

OZI violation occurs in a system haviag the space-spin quantum numbers 

of the initial state before the photon carries away angular momentum and 

parity. The photon can now carry away isospin zero or one, and the 
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final state can be both isoscalar and isovector. Thus the isospin 

properties of the final state contain information on the space-spin state 

in which the OZI violation occurred. 

Ln the particular case of + - Py decays, the ray state can only be 

produced by the transition (4. Ib) with emission of an isovector photon 

after the OZI violation has occurred in the initial vector state. The qy 

and 0’~ states can be produced by either transition (4. la) or (4. Ib) with 

isoscalar photons emitted either before or after OZI violation. Experi- 

mentally the qy and q’ y decays are much stronger than the nay decay, 36 

by a factor of about 30. So OZI violation in the pseudoscalar state 

seems to be -much stronger than in the vector state. 

We can use this information to estimate the production of the 

pseudoscalar charmonium state q, in pp collisions. Assuming that 

the difference between nc production and J production is only in the 

OZI violating charmed pair creation, and that the difference between 

the strength of the violation in vector and pseudoscalar states is given 

by the argument of radiative decays above, we obtain 

2 
dpp)- ‘icm _ A(qq - CC; J 

P 
= o-) 

Mpp - JX) A(qq -9 cF; J 
P 

_ BR(h - n’ Y) _ 3. 
(4.2) 

= 1-j BR(+ + li’y) 

4. 3 Horn to Look for K!ew Quarkonium States 

The charmonium ehTerience shows that eie- colliding beams 

pro,,ride a very effective means for discovering and studying the properties 



of Lrector mesons \shich are directly produced as s-channel resonances, 

and of other states produced ‘~7 electromagnetic decays of these vector 

mesons. Ffadronic beams can produce these vector states, but very 

Little information about their properties are obtained in a simple way 

because of the enormous background. If the SPEAR and DESY results 

were not available to complement the information obtained from the 

Brookhaven experiment, we would know very little about the nature of 

the J particle, and there would be very little evidence that it is indeed a 

charmonium state. 

Hadronic beams might provide additional information on the 

properties of other states not easily seen with e’e-, such as the pseudo- 

scalars. So far the n c has been seen only in one e.xperiment at DESY 

and only in the yv decay mode. There is interest in seeing the hadronic 

decay modes, and any ingenious method for seeing such decay modes 

with hadronic production would constitute a real breakthrough in x-onium 

spectroscopy. If the estimate (4. 2) of the hadronic production cross 

section is reasonable, there may be some hope for d.etecting the n via 
C 

the o 6 decay mode after production in pp collisions. The figure of 

merit for this process can be estimated by comparison with the detection 

+- 
of the J in the e e decay mode. 

mrl,, 66) NPP - qcS) BR(q 
C 

- 6$) 
F(J, ee) = o(pp -e .JX) BRCJ -eel ’ 

(pp - eeX) 
(pp - 06X;) . (4. 3) 
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Since ihe decay il 
c 

-. 6 d is similar in nature to the decay J/+ - 00, me 

can a5sume 

BR(v -66) “” c 
2 BR(J/JI - no) h (I/ 35) BR(J -ee) , (4.4) 

where we have introduced a factor 2 because only about 5% of the q wave 

function, the SF piece, contributes to the r) 4 decay mode of the J/+, and 

we have substituted the experimental values for the branching ratios. 

Combining Eqs. (4. 2), (4.3) and (4.4) then gives 

cr. BR(pp - n,X --06X) 

D. B~(pp - JX -eeX) - (30/35) - 1 > 
_ 

F(q 
C’ 

6 6) _ u(pp - eeX) 
F(J, ee) @PP -QOX) * 

(4.5a) 

(4. 5b) 

Thus if the 6 6 background is no more than the lepton pair background, it 

should be just as easy to see 0, + d 6as it is to see J/i/i- lepton pairs. 

Results from the double arm spectrometer experiment at Fermilab 31 

showed no 6 d events, while the same run observed about 100 events of 

Ji 
+ - 

t!l- :p p . This is still consistent with the result (4. 5) of equal 

signal/noise and comparable signals for the two processes, because the 

spectrometer had a much lower acceptance for O’s than for muons. The 

absence of any d d signal confirms that the background is low, and that 

any further experiments with increased sensitivity might see a small 

signal without appreciable background. Sate that even 3 events for ddat 



-39 -_ FERlUILzB-Conf-77/93-THY 

2. 8 Gel.7 :r:i:!1 no background c,ould constitute serious supporting evidence 

for the existence of the qc, whereas several hundred events in another 

decay mode against a background of thousands of events would be ambiguous. 

Similar arguments would apply to the detection of higher x-onium 

pseudoscalars via the o d decay mode. Xote that x-onium pseudoscalars 

above 6 GeV would also have a $4 decay mode which might be detectable 

in a four lepton final state. 

The r-42 decay mode of the nc has also been suggested as a possible 

useful signature. 
23 A detailed analysis of the hadronic decays of the nc 

has been given by Quigg and Rosner. 
37 

The recent beautiful experiment at DESY reported by Schopper 38 

:; 
showing evidence for the F and F mesons 

39 1s an example of how choosing 

an appropriate signature minimizes background and gives serious evidence 

for these particles with only a few events. The signature in this case 

was three photons and a pion, with one photon having a low energy and 

the other two having the mass of the I?. 

A similar kind of signature might be used to find the q 
C 

in the decay 

4J’wl, - @A2’- y&/q - yA-yy (4.6) 

This y::ould give three photons, one of 300 MeV (or less if the q 
C 

is not at 2. 8 GeV but higher) and the other t;vo having the mass of the q, 

and two additional charged pions. 
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1’. COLOR 

5. 1 IYho Seeds Color’? 

Manl- reasons have been proposed for introducing color, and not 

all of them are compatible. Color is needed by 

1) People who like ordinary fermi statistics for quarks 
40 

and do 

not like baryon models with three spin-l/ 2 quarks in symmetric rather 

than in antisymmetric states. 

2) People who like integral electric charge. 
41 

3) People who believe Adler’s argument for color, 
42 

based on the 

current-algebra-PCAC calculation of the decay TI 
0 

+ yy. Adler’s result 

is proportional to the sum of the squares of the charges of all elementary 

fermions in the theory. The numerical experimental value for the width 

of this decay agrees vzith predictions from a 3-color model and disagrees 

with models having no color degree of freedom. 

4) People who want to push up the ratio R Z e’e’ -+ hadronsi 

f- f- 
e e ‘P i-I I whose present experimental value exceeds the prediction 

from the simple quark model. 
43 

The addition of new internal degrees of 

freedom pushes this ratio up, just as in r 
0 

- YY. 

5) People T.vho worry about the saturation of hadrons at the quark- 

antiquark and t.hree-quark levels and want a model which explains why 

states like qqq and 4qG are not found. Colored models provide a natural 

description of this saturation. 
s, 44,45 



6) Peopl,e who like non--Abelian gauge theories and q::ark confinement. 46 

Xowever these people require the color symmetry to be an exact symmetry 

of nature not broken by weak or electromagnetic interactions, They are 

unable to incorporate integrally-charged quarks into this framework and 

must have fractional charges. 

7) People who like to explain the AI = f rule by a Fierz transformation 47 

of the four fermion V-A interaction. 

The three-triplet model, originally suggested to allow the three 

quarks in a baryon to have a symmetric wave function without violating 

Fermi statistics, 
8,40. 1s now called a model with “red, ;:-bite and blue” 

^. 
quarks. For those who find this American chauvinism distasteful, 

we recommend the “Equal Opportunity Quark Model” (EOQM) which has 

equal representation of black, white and yellow quarks. 

For three colors and n flavors a symmetry group SU(3n) can be 

defined which treats all quarks on an equal footing. This has a subgroup 

SU(3 )c t: SU(n)f. There is no evidence for the rich hadron spectrum 

corresponding to the presence of states classified in, nontrivial represen- 

tations of zSV(~)~. The observed hadrons are assumed to belong to the 

trivial singlet representation of SU(3 )c and “color excitations” of higher 

represe,niations are either postulated not to exist or are assumed to have 

a high mass. The color-excited states contain exactly the same colored 

quarks as the observed hadrons, they differ only in having a different 

permutation symmetry in the space of t!le colors. This is in contrast to 
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states v;itil quarks of nex flavors, which can be pushed up in mass by 

simply postulating a higher mass for the new flavored charmed quarks. 

color excitations can be pushed up only by hating the interaction between 

quarks depend on the permutation symmetry in Color-space since 

different colored quarks all have the same mass. Interactions which 

confine quarks have this property. 

Models with quark confinement have an interaction between quarks 

which increases with distance 
48 

so that an infinite energy is required to 

separate a pair. The simplest exam~ple of the confinement is the Coulomb 

interaction in a 1 + 1 dimensional world. 49 A quark-antiquark pair 

behave like a pair of condenser plates in this world, and the force 

between them remains constant as they are separated. The potential 

varies linearly with distance and infinite energy is required to separate 

the pair. Before this happens, enough energy is present in the field 

to allow a new pair to be created. The Lines of force connecting the two 

original quarks are broken by the new pair, and the members of the new 

pair couple to the corresponding members of the old pair to make two 

separated bound states with no force between them. 

m three spatial dimensions, quarks are not condenser plates, and 

the lines of force connecting a quark-antiquark pair can spread out in the 

other two dimensions. In ordinary QED this gives the conventional 

(.1/r) Coulomb potential which does not require infinite energy to achieve 

a separation. in QCD it is hoped that the non--4belian character of the 
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gauge the3ry produces “infra-red slavery” ;:,hich perhaps confines the 

lines of force io a tube and makes the s-stem behave like a one-dimensional 

system. This gives the linear potential conventionally used for confinement. 

But so far there has been no real proof that the gauge theories really 

predict quark confinement or linear potentials. The potential may have 

a different form, and may not confine. A potential weaker than Icr like 

the logarithmic potential 
50 

would still give confinement. A potential 

which requires a very large energy (e.g. hundreds of TeV) to separate 

quarks would not permanently confine quarks, but would be equivalent 

to confinement for experiments in the 1 TeV energy region. 

In our discussions we consider fhe possible existence of free quarks 

with a very heavy mass. This then includes the case of quark confinement 

as the limit in which the free quark mass goes to infinity. Note that this 

free quark mass is not the same as the quark mass used in model 

calculations. The difference is easily seen in a model where lines of 

force of the “color field” join a quark-antiquark pair. As the pair is 

separated, the lines of force cover a greater volume and more energy 

is present in the field. If the quarks can actually be separated with a 

finite high energy, this energy remains in the field around the two free 

quarks, and covers a comparatively large volume because of the long 

range of the color force. The mass of the free quark therefore comes 

from the strong long range color field around it. When a quark is bound 

in a hadron, its color field is confined to the volume of the hadron and 
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contains :22ch less energy. Thus the mass of the bound quark is very 

much less than the mass of the free quark. 

J& colored quark models, the color may or ma:; not be directly 

observable. in models where color is not observable, all quarks which 

differ only in color and otherwise have the same quantum numbers must 

have the same properties. In other models quarks of different colors 

have different observable properties, e.g. , different electric charges. 

This possibility has been used to construct models with quarks of integral 

electric charges. Such integrally-charged colored quarks cannot satisfy 

the GelI-Mann-Nishijima relation and muSt have nonzero eigenvalues 

of a new additive quantum number which appears in the modified Gell- 

Mann-Kishijima formula. The electromagnetic current then has a 

component which is an SU(3)f singlet and which is not a singlet in SU(3) . 
c 

There is a definite conflict between the use of integral charges and the 

use of color as an exact symmetry of nature in a non-Abelian gauge 

theory. If quarks of different colors have different electric charges, 

then the electromagnetic interaction breaks the color symmetry and it 

is not exact. Thus there are two incompafible approaches to color: 

1) Quark confinement with fractionally charged quarks; 2) Quark 

liberation with integral charges. The iruth might well be in between. 
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5~ 2 The Deu!eron !VorSd 

Sore insight into the colored quark models is given by the 

analogy oi a world in which all low-lying nuclear states are made of 

deuterons and have isospin zero, free nucleons have not yet been seen 

and experiment has not yet attained energies higher than the deuteron 

binding energy or the symmetry energy required to excite the first 

I = 1 states. in this isoscalar world where all observed states have 

isospin zero the isovector component of the electromagnetic current 

would not be observed since it has vanishing matrix elements between 

isoscalar states. The deuteron energy level spectrum (something like 

that of a diatomic molecule) would indicate that the deuteron was atwo- 

body system, but there would be no way to distinguish between the neutron 

and the proton. The deuteron would thus appear to be composed of two 

identical objects which might be called nucleons. Since the deuteron has 

electric charge +i, the nucleon would be assumed to have electric 

charge +l/ 2. Furthermore, the nucleon would be observed to have spin 

I/ 2 and be expected to satisfy Fermi statistics. However, the ground 

state of the deuteron and all other observed states would be found to be 

symmetric in space and spin. Thus, the nucleon would appear to be a 

spin I/ 2 particle with fractional electric charge and peculiar statistics. 

Some daring theorists might propose the existence of a hidden 

degree of freedom expressed by having nucleons of two different colors. 

There \vould be a hidden SU(2) symmetr:- (which might be called isospin) 



to trahsform between the two nucleon states of different colors. .Lll 

the obserl.-ed low-lying states would be singlets in this new color ror 

isospisi SK(Z). Since the color singlet state of the two-particle 

system is antisymmetric in the color degree of freedom, the Pauli 

principle requires the wave function to be symmetric in space and spin, 

thus solving the statistics problem. 

The direct analog of this deuteron problem in hadron quark models 

is the quark model for the a-. In the conventional quark model, the Q- 

consists of three identical strange quarks (called X-quarks by some 

people and s-quarks by others), with their spins of 112 coupled 

syrnmetricfXly to spin 3/ 2. Since the~electric charge of the n- is -1, 

the strange quark is required to have charge -I/3, and it is also required 

to have peculiar statistics because the system of three identical particles 

has a symmetric wave function in all known degrees of freedom. Some 

daring theorists have therefore proposedthe existence of a hidden degree 

of freedom expressed by having strange quarks of three different colors, 
7 

and a hidden SU(3) symmetry to transform between the three strange quark 

states of different colors. All the observed low-lying states are singlets 

in this X(3 1 color group- 
Since the color-singlet state of the t’hree- 

particle system is antisymmetric in the color degree of freedom, the 

Paul; principle requires the viave function to be symmetric in the other 

degrees of freedom, in agreement with experiment and ordinary Fermi 

statistics. It is also possible to give these colored strange quarks 
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differen: inregral electric charges, one v:ilh charge -1, and two neutrals, 

by anaioz -;.-ith the nucleons in the deuteron. However, as we are concerned 

primaril;- v;ith strong interactions, we need not choose between models 

having different electric charges for colored quarks. 

We have chosen the example of the a for this discussion to simplify 

the treatment of the flavor degree of freedom by considering only strange 

quarks. V’hen all flavors are considered, there are three colors for 

each flavor, and 3nf quarks altogether. There are two XI(n) groups, 

the flavor SU(n)f and the color SU(3), which are combined into the direct 

product SUWf X SU(3)color. 

5. 3 The Whys of Quark Model Predictions of the Hadron Spectrum 

Let us now consider some “whys” posed by one of the outstanding 

“successes” of the quark model, the prediction of the hadron spectrum. 

The empirical rule that all observed hadron bound states and resonances 

have the quantum numbers found in the three-quark and quark-antiquark 

systems is in remarkable agreement with experiment. Since no alternative 

explanation or description has been given for this striking regularity in 

the hadron spectrum, this rule may constitute evidence for taking 

quarks seriously, The quark model also predicts the energy level spectrum 

of the states constructed from the three-quark and quark-antiquark 

systems and observed experimentally as hadron resonances. These 

predictions aiso seem to be in reasonable agreement with experiment, 

but pose additional questions. 
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~rhv is the observed baryon spectrum fit only by the symmetric 

quark model 5-1 which restricts the ailowed states of the three-quark 

system to those being totally symmetric under permutations in the 

known degrees of freedom rather than totally antisymmetric, as one 

expects for fermions? This can be explained by assuming that quarks 

obey peculiar statistics, or that there is a hidden degree of freedom 

sometimes called “color. ” But this requires the additional ansatz that 

all observed hadrons are color singlets. whp and whv only 3q and qq? - 

-not other configurations? _ Whv does the low-lying meson spectrum 

show all the states “predicted by the quark model” without any supplementary 

conditions and with no allowed states conspicuously absent? 

There is an inconsistency between the observation of bound states 

in at1 channels for qq scattering and the absence of bound states with 

quantum numbers of ZqG and 3qT. If the quark-antiquark interaction 

is attractive in all possible channels, as indicated by the presence of 

bound states, an antiquark should be attracted by any composite state 

containing only quarks, like a diquark or a baryon, to make a bound 

state with peculiar quantum numbers that have not been observed. 

In our discussion, we assume that free quarks are very heavy, 

and we consider only effects on the mass scale of the quark mass. All 

observed particles have zero mass on this scale. The observed hadron 

Spectrum is a “fine structure” which we are unable to resolve in this 

approximation. This is a reasonable approach, since as long as we are 
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not treating spin in detail, l;;e are unable to distinguish between a pion 

and a p meson, and are neglecting mass splittings of the order of the 

p - i: mass difference. \Ve therefore are only able to discuss whether a 

particle has “zero mass” and appears as an observed hadron, or whether 

it has a mass of the order of the quark mass and should not have been 

observed. 

The question why only 3q and q?j can be stated more precisely in 

terms of the following three whys: 

1. The triality why. With attractive interactions between quarks 

and antiquarks, *are three quarks and an antiquark not bound more 
-- 

strongly than a baryon or two quarks and an antiquark bound more 

strongly than a meson? Note that we are not asking about four quarks vs. 

three quarks. Symmetry restrictions such as the Pauli principle with 

colored quarks can prevent the construction of a four quark state which 

is totally symmetric in space, spin and unitary spin. Rut there is no 

Pauli principle which prevents an antiquark from being added to a 

system of three quarks in all possible states. Thus if each quark in the 

baryon attracts the antiquark, some additional mechanism must be 

found to prevent it from being bound to the quark system. 

2. The exotics why. Even assuming some mysterious symmetry 

principle which prevents fractionally charged states from being seen, 

why are there no strongly bound states of zero triality, like those of 

two quarks and two antiquarks or four quarks and one antiquark? Note 
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that .,.;e are not discussing the I’rosner “haryonium” exotics which are 

baryon-antibaryon resonances decoupled from the two meson system or 

.Jaffe exotics bound by spin iorces. 1\‘e are discussing states like an I = 2 

dipion resonance or bound state with a mass near the mass of two pions. 

If the quarks and antiquarks in two pions attract one another, why is 

there no net attraction between two positive pions to produce a bound 

state or a resonance very near threshold? 

3. The diquark or meson-baryon why. Why is the quark-quark 

interaction just enough weaker than the quark-antiquark interaction so 

that diquarks near the meson mass are not observed, but three-quark 

systems have masses comparable to those of mesons ? Vector gluons 

which are popular these days would bind the quark-antiquark system, 

but the force they ,provide between identical quarks is repulsive. Scalar 

or other gluons which are even under charge conjugation bind both the 

quark-antiquark and diquark systems equally. If the quark mass is 

very heavy, the single quark-antiquark interaction in a meson must 

cancel two quark masses, while the three quark-quark interactions in the 

bar>-on must cancel three quark masses. This suggests that the quark- 

quark interaction is exactly half the strength of the quark-antiquark 

interaction. 
52 

Such a result can be achieved by a suitable mixture of 

vector and scalar interactions, but it is not very satisfying to obtain 

such a simple fundamental property of hadrons by a model which fits it 

with an adjustable parameter. 
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Ir. &il of this discussion, xve are considering one-particle states, xvith 

the assum?:ion that multiparticle states exist which contain separated 

particles each having the properties we are trying to explain. Multiparticle 

states pose additional problems. The allowed spectrum for multiparticle 

states is r.ot specified by a set of allowed quantum numbers, but by the 

condition that their constituent particles individually have allowed 

quantum numbers. Thus the whys cannot be answered by general 

symmetry principles which apply to all states. The triality why is not 

answered by a symmetry principle forbidding all states which do not 

have zero triality, because multiparticle states of zero triality must 

also be forbidden if they are made of-,particles which individually have 

nonzero triality. Similarly, the exotics why is not answered by a 

symmetry principle forbidding all states with exotic quantum numbers 

because multiparticle exotic states made from nonexotic particles are 

allowed. Thus any treatment which attempts to answer these whys must 

discuss both single-particle and multiparticle states, and must consider 

the space-time properties which distinguish between them. Algebraic 

arguments involving only internal symmetry groups cannot be sufficient. 

Our three whys involve only the strong interactions which do not 

depend upon the couplings of quarks to the electromagnetic and weak 

currents. The following discussion thus applies to both fractionally 

charged and integrally charged models. 
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5. 4 The Colored Gluon :,Iodel 

\\:e now examine the three whys. In the colored quark description 

of hadrons the restriction that only color singlet states are observed 

immediately- solves the triality why since only states of zero triality 

can be color singlets. But requiring all low-lying states to be color 

singlets is thus equivalent to requiring all low-lying states to have zero 

triality; it merely replaces one ad hoc assum~ption with another. Vv’bat 

is needed is some dynamical description in which the color singlets 

turn out to be the low-lying states in a natural way. To attack this 

problem we return to the fictitious deuteron world where all low-lying 

states are isoscalar and which is the analog of the colored quark des- 

cription of hadrons. Ve follow the treatment of ref. 44. 

At first this isoscalar deuteron world seems very artificial. 

1Vny should all states with I = 0 be pushed down and all states with I F- 0 

be pushed up out of sight? But there turns out to be a very natural 

nuclear interaction which creates exactly this isoscalar deuteron world; 

namely nuclear two-body forces dominated by a very strong Yukawa 

interaction provided by p exchange. This interaction is attractive for 

isoscalar states and repulsive for isovector states, in both nucleon-nucleon 

and nucleon-antinucleon systems. It thus binds only isoscalar states. 

The p-exchange interaction between particles i and j can be expressed 

in the form 
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v.. 
‘1 

= 6.; , 
I (5. la) 

where ?i is the isospin of particle i and V contains the dependence on 

all other degrees of freedom except isospin. If we neglect these other 

degrees of freedom we can write for any n-particle system containing 

antinucleons and nucleons, 

V(n) = $1 vij = !j ztiT*i;:-CVq*< = ~[I(I+l)-nt(t+~)l(5.1 

i Fj 
i 

all i 
ij 1 

where I is the total isospin of the system and t is the isospin of one 
^, 

particle; i. e., iI 2 for a nucleon. 

The interaction (5. lb) is seen to be repulsive for the two-body 

system with I = 1 and attractive for all isoscalar states. A pair of 

particles bound in the I-O state is thus seen to behave like a neutral atom; 

it does not attract additional particles. Since the pair is “spherically 

symmetric ” in isospace, a third ,particle brought near the pair sees 

each of the other particles with random isospin orientation, and its 

interaction with any member of the pair is described by the average of 

(5. la) over a statistical mixture which is 3/4 isovector and i/ 2 isoscalar. 

This average is exactly zero. 

The neutral atom analogy is very appropriate for the descri,ption 

of the observed properties of hadrons. The forces between neutral atoms 

are not exactly zero, but are much weaker than the forces which bind the 
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atom itself. These interatomic forces produce molecules which are 

much more weakly bound than atoms. Similarly the forces between 

hadrons do not vanish but are much weaker than the forces which bind 

the hadron itself. These interhadronic forces produce complex nuclei 

which are much more weakly bound than hadrons. In the approximation 

where we neglect energies much smaller than the quark mass these 

“molecular” effects are safely neglected. 

We now generalize this picture for the colored quark description 

of hadrons. If there are n colors, the interaction (5. 1) must be 

generalized from SU(2) to W(n). The quark-antiquark system then 

still saturates at one ,pair, but the multiquark system can be seen to 

saturate at n quarks. A quark-antiquark system which is a singlet in 

SU(n) exists for all values of n. However, the existence of a singlet in 

the two-quark system is an accident which occurs only in SU(2) and is 

not generalizable to SU(n). However the I = 0 two-quark state is also 

characterized as antisymmetric under permutation of the two particles, 

This antisymmetry is generalized easily to SU(n) where totally antisymmetric 

states exist for a maximum of n particles, and the n particle antisymmetric 

state is a singlet in SU(n). 

\V-‘e now construct the analog of the interaction (5. Ib) for a model 

with three triplets of different colors. Then the Yukawa interaction 

produced by the exchange of an octet of “colored gluons” has the form 

analogous to (5.1). For an n-particle system containing both quarks and 

antiquarks, 



U(n) = + 1 Uij 1 gisjo 

i#j D 

(5.2) 

where uij depends on all the noncolor variables of particles i and j and 

gio(u= I, . . . . 8) denote the eight generators of SU(3 )color acting on a 

single quark or antiquark i. 

If the dependence of uij on the individuai particles i and j is 

neglected, the interaction energy of an n-particle system can be calculated 

by the same trick used in Eq. (5. lb) to give 

(5.3a) V(n) = t (C - nc) 

where u is the expectation value of u.. , integrated over the noncolor 
‘1 

variables, C is the eigenvalue of the Casimir operator for SU(3) 
color 

for the n-particle system and c = 4/ 3 is the eigenvalue for a single quark 

or antiquark. These eigenvalues are directly analogous to the SU(2) 

Casimir operator eigenvalues I(1 + 1) and t(t + 1) in Eq. (5. lb). 

In the approximation where all energies small compared to the quark 

mass >Io are neglected, the interaction (5. 3a) gives the mass formula 

M(n) = nM + V(n) = n(M 
9 q 

-~)+cu/z . (5. 3b) 

The interaction (5. 2) and the mass formula (5. 3b) were first ,proposed 

by Nambu, 41 and the satoration properties of the interaction were 

considered by Greenberg and Zwanziger. 
53 

However, the remarkable 
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properties of this in!eraction as demonstrated above in the simplified 

example ni the analogous deuteron world have received little attention. 

3. - 5 Answers to the Triality and Meson-Baryon ~&ys 

The formula (5. 3b) can test the triality why or the meson-baryon 

why by showing whether observable “zero mass” hadron states exist for 

a given number of quarks and antiquarks. However, it cannot test the 

exotics why, since it gives no information about the spatial properties 

of the states. It cannot distinguish between one-particle states and 

multiparticle scattering states and all zero-triality exotic states are 

allowed as multiparticle states. 

Since C is positive definite and has the eigenvalue zero only for 

a singlet 45 in SG(3) color’ and u z 0 as is evident from the two-body 

system, the state of the n-particle system with the strongest attractive 

interaction is a color singlet. Since the interaction is a linear function 

of n all such singlet states have zero mass if cu/2 = &‘I . For this case 
9 

M(n) = (C/c)M if cd 2 = 1x 
q 9 * 

(5.3c) 

The model thus gives observable hadron states for all quark and antiquark 

configurations for v;hich C = 0 states exist. a Since C = 0 states exist only 

for config-irations of trialitj- zero, this answers the triality why. 

The meson-baryon why is also answered by this interaction, 

since zero mass is attained both in tlcvo-body and three-body sy-stems. 

To obtain C = 0, the ti::o-body s,ystem must be a quark-antiquark pair, 



wnile the three--hod>- system mlxst be a three quark state, totall) 

antisymmetric in color space. The approximation of neglecting the 

dependence of uij on i and j is justified in these two cases since there 

is only one pair in the two-body system, and a totally antisymrnetric 

function has the same wave function for all pairs. The values 
45 

of the 

interaction parameter C-nc and the mass parameter C/c are listed in 

Table 5. 1 for all states of the tv:o-body system. These show that the 

quark-quark interaction in the baryon is exactly half of the quark-antiquark 

interaction in the meson, as required for the meson-baryon puzzle. 

The diquark mass is thus equal to one quark mass, since its interaction 

only cancels the mass of one of the two quarks. 

Table 5. 1 Values of the Interaction and Mass Parameters C-nc and C/c 

System SU(3) color 
Eepresentation C C-nc c/c 

quark-quark triplet iantisymmetric) 413 -413 1 

quark-quark sextet (symmetric) 1013 +213 51.2 

quark-antiquark singlet 0 -al3 0 

quark-antiquark octet 3 ii/3 914 -- ___ 

The interaction averaged over all quark-quark states is seen to be 

zero and similarly for all quark-antiquark states. An antiquark or quark 

added to a meson or baryon thus has a zero net interaction, as there can 

be no color correlations between particles in a singlet state and an 

external particle, and each pair feels the average interaction over all 



co.lor statet5. Tilis suggests that t?e e::otics puzzle is also answered, 

and tha: ;::e states of zero mass o%‘ained from the interaction (5.2) for 

exotic quantum numbers are multiparticle continuum states rather than 

bound states or resonances. 

5. 6 The Exotics Why--Spatial Properties of Wave Functions 

To examine the exotics why in more detail we consider the spatial 

dependence of the interaction (5. 2! for the specific case of the two-quark- 

fmo-antiquark system, with an interaction uij depending only on the 

positions of the particles and not on momenta, spin and unitary spin. 

in the representation with the corrdinates T of the four particles 1 

diagonal, the interactions uij are also diagonal and can be treated as 

c-numbers. Ia this representation the interaction (5. 2) is a 2 x 2 matrix 

in color space as there are two independent couplings for four particles 

to a color singlet. We diagonalize this 2 x 2 matrix to obtain two functions 

of the coordinates ~7~ which describe the spatial dependence of the 

interaction in its two color eigenstates. 

It is convenient to choose a nonorthogonal basis, related by 

permutations, which displays quar!c-antiquark couplings to C = 0, 

/ e-> z : 1i3)i(24)1’ (5.4a) 

(5.4b) 
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\vhere p”:ic?es 1 and 2 are quarks, 3 and 4 are antiquarks and (ij )1 

denotes +>: particles i and j are coupled to C = 0. Several useful 

identities :o?~low from the properties of the C = 0 two-particle state. 

<wyIp> = t/3 

g&3D1 a’ = g2,&& Q> = -(8/3)[ u> 

0 (J 

c g*c?4cri 1p> = 
1 

g2$351 B> = -@/3)[ P’ 

fJ 0 

+g3(Jp> =o 

<Ly/ b&Lm/ Q’ = 931 g*&/ P’ = 0 f 

+I 61$401 P’ = <PI gJ$ja 1 ci> = -(8/3)Qj p> = -B/9 . 

6)~ operating with the interaction (5. 2) on the wave functions (5. 4) 

and eliminating the color variables with the aid of the id e* ntities (5.5) 

we obkair! 

-3U/ u> = (8~~ - up +uq)/ cy> + 3(up - uq) P’ 

and 

-3c/ p> = 3(uu - uq)l G.’ + (Sup - “@ +q/ P’ 

(5. 5a) 

(5.5b) 

(5.5c) 

(5.5d) 

(5.5e) 

(5.53) 

(5.6a) 

(5.6b) 

where 
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” (i 
= u,13 +“24; up = ul* + u23; ..I,; = Ui2 + u34 . (5.7) 

Solving t::e secular equation for Eqs. (5.6) gives the eigenvalues for U, 

U’ = -(7/6)(uQ -tup) - (113)~ -L (i/Z) 8(u - upI +(u +u 
9 1y o! P 

- 2”q)2 . (5.8) 

If uij is a finite range potential which vanishes at large distances, 

the eigenvalues (5.8) reduce to those for two independent two-particle 

clusters for all values of the coordinates ri which correspond to two 

pairs separated by a distance greater than the range of the potential. 

The case u = u 
P 9 

= 0 describes such a separation between the pairs of 

particles (13) aml (24). The corresponding eigenvalues from Eq. (5.8) 

are IJ’ = -(8/3bcand U’ = +(2/3)uU exactly those of Table 5. 1 for two 

separated quark-antiquark pairs in the singlet and octet states. The 

case u =U 
P 

= 0 describes separated pairs of like particles (12) and (34) 
cy 

and has eigenvalues U’ = -(3/4)uq and U’ = +(2/3)uq exactly those of 

Table 5. 1 for two separated quark-quark and antiquark-antiquark systems 

in the triplet and sextet states. 

To test the exotics puzzle we look for coordinate configurations 

xvhere folx-particle correlations may give stronger binding than in two 

noninteracting clusters. Since uQ and up appear symmetrically in (5.8). 

we need only consider values of u 5 u 
P ff 

. For any value of ucy the value 

ofu (u 
P 

v,-hich minimizes the interaction (5. 8) is u =U 
P ff 

with the 
t2 

negative sign for t!le square root. This gives 
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L! = -(8/3)uy - (2/3)(uo. - uq) . (5.9) 

This expression is minimized by choosing the minimum values of u 
9 

consistezi \vith a given value of u LY’ For monotonically decreasing 

potentials this is achieved by placing th- - four particles at the corners of 

a square with the like particles at opposite diagonals. 

For a square well potential the particles can be arranged in a 

square with the diagonal greater than the range of the forces and the 

sides less than the range. This configuration has u = 0 and forms a 
9 

stable four-particle state with a binding 25% greater than that of two 

quark-antiquark pairs. However, the sharp edge of the square well is 

essential for this binding and does not seem reasonable physically. 

For smooth potentials without sharp edges such as Coulomb, linear, 

Gaussian, Yukawa or harmonic oscillator potentials Eq. (5. 9) shows 

that such a four-particle cluster is less strongly bound than two 

noninteracting quark-antiquark pairs, and the system simply breaks up 

into two clusters. This leads to a description in which all states having 

exotic quantum numbers are just scattering states of particles which 

individually have nonexotic quantum numbers, and answers the exotics 

The presently accepted colored quark model with forces from 

exchange of an octet of colored gluons provides a saturation mechanism 

in which the qq and 3q states behave like neutral atoms. 
41,44,45, 52 

Different parts of the bound state wave function attract and repel an 
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exrerrs.: gar title and the net force exactly cancels. Thus theory and 

espel-i--=F~i now agree on the absence of naive exotics. Zut the possibility 

exists of higher exotics. 3Iolecular-i>-pe exotics in which attraction 

results from spatial polarization of one hadron by another have been 

considered, but the results (5. 9) indicate that the force is insufficient 

to produce binding. Rosner 
54 

has postulated the existence of exotics 

from the point of view of finite energy sum rules and duality. This 

approach has been carried further by other theorists and experiments 

have been suggested in a search for exotics by baryon exchange processes. 

So far there is no evidence for exotic mesons with masses below 

2 GeV. This has been taken as evidence .against the qqG configuration 

for low-lying states. Although qqx states without exotic quantum 

numbers also exist, these were not taken seriously as possible configuations 

for the known states, because there was no good theoretical reason why 

such states should be present and their exotic partners should be 

++ 
absent. ;3ut now there seems to be evidence that the low-lying 0 nonet 

is indeed such a qqm state, 
4 

and there are new convincing theoretical 

reasons v;hy only states with nonerotic quantum numbers are seen. 55 

5. 7 A Simple Representation of Color Couplings 

?or a simplified irersion of how normal and exotic hadrons are 

constructed from coupling colored quarks together consider simple-minded 

vector couplings in a three dimensional color space. In the color SU(3), 

the quark is a complex irector in three-dimensional color space. If we 
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simplify ihis description by considerin? real vectors, we use only the 

O(3) subgrw~p of SIT(~) corresponding to real rotations and lose the 

distinctior, between quark and antiquark which are complex conjugates 

of one another. But enough of the basic physics remains to give an 

instructive pedagogical example. Let us therefore consider the quark as 

a vector Q in a three dimensional color space with red, blue, and green 

components denoted by 

Q' E (QR, Q,, cl,) . 

The color singlet meson state is the scalar product of quark and 

antiquark vectors 

7 
M = G1 . 4, = QRqR + QBqB + Q,Q, . 

(5.10) 

(5.il) 

The color singlet baryon is the scalar product of three quark vectors. 

B = z1 x c2 . G3 = (Q,Q, - Q,Q,)Q, + cyclic permutations. (5.12) 

Note that every quark pair in the baryon is in the antisymmetric diquark 

<- state xT;hich is a vector product of two quark vectors 

;i _ q >: Q’,; uG = Q,Q, - Q,Q,, etc. (5.13) 

The antis>mmetric diquark is seen to have the color quantum numbers of 

the antiquark. The baryon can thus bn \r:ritten as the scalar product of 

antisymmetric diquark vector and a quark vector 



-b4- - FERIUIL4I3-Coni-77/ 93-TI-IS- 

B=i?.G . (5.14) 

Le’: us now examine the states of a system containing two quarks 

denoted by 4, and 4, and two antiquarks denoted byG3 and G4. The four 

body system described by four vectors in the color space can be coupled 

to form a color singlet in several ways. F‘or example, there is the two 

meson state formed by coupling two quark-antiquark pairs separately to 

color singlets 

2M = 6, . a’,,(a’, * 6,) . (5.15al 

There is also the state formed by coupling the two quarks and two antiquarks 

each to an antisymmetric vector and coupling the two vectors to a scalar 

x = (a’, x 5,). (5, x Z4) . (5.15b) 

This state is a possible candidate for baryonium since it could be formed 

by annihilating a quark-antiquark pair in the baryon-antibaryon system 

without changing the states of the remaining quarks and antiquarks and 

requiring that the state remain a color singlet. 

EB - );I (5.162) 

(G, x ci2 . G,)!C, 
r; 

x Q, . Zb)c‘ q % 6,). (Z3 z4i . (5.16b) 

One might imagine the situation where the baryonium state X created in 

some r,eaction v.euld prefer to decay into the baryon-antibaryon state via 



-6j- - ~~Pi~IIL-‘;3-Conr^-i7193-THY 

the transition (i. 16) rather than to decay into two mesons by hreaking up 

into tl:o c;*uaric-antiquark pairs, because the latter transition involves 

changing the color couplings. In particular, this situation could arise 

if there is an appreciable spatial separation between the diquark and the 

antidiquark. 

One can picture Sines of force joining the quarks and antiquarks by 

analogy with electrodynamics but with essential modifications following 

from the non-abelian character. -% color singlet quark-antiquark pair 

would have lines of force originating on the quark and ending on the 

antiquark as shown in Fig. 5. la. Fig. 5. Ib shows the tT.yo-meson 

system described by Eq. (5.15a) as two such pairs with lines of force 

joining the members of each pair but no lines of force connecting the 

two pairs. Fig. 5. 2 shows the baryon described by Eq. (5.12) as three 

quarks at the vertices of a triangle with lines of force between them. Her e 

the non-abelian nature has new effects, with lines joining each quark and 

its neighbor rather than quark and antiquark, and with one line acting as 

a source for another, since the lines themselves carry color. The 

coupling oi G the baryon described in Eq. (5. Id) as the product of a diquark 

and a quark is seen by cutting the baryon diagram to separate a quark 

from a &quark and noting that the lines of force going from the quark to 

the diquark look the same as the lines of force going from a quark to an 

antiquark in a meson. This again shoxvs us that the diquark has the same 

quantum numbers in color as the antiquark. The diquark is thus an 
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unsatura:ed svstem with lines of force joining the tn-o quarks but other 

lines 0: force left out and searching for a partner as shovm in Fig. 5. 3. 

IIc wever the number of lines of force originating from such a diquark 

are not t::;ice the number originating from a quark but only the same as 

the number originating from a quark. Here we see again the essential 

difference between non-abelian and abelian vector theories. The lines 

of force for the electron-positron system are very much like the lines 

of force for quark-antiquark system. Eut the lines of force for the 

antisymmetrized diquark system are very different from the lines of 

force in the two electron system where there are no lines joining the two 

electrons and the number of lines which are unsaturated and looking 

for partners is exactly twice the number from one electron. 

Let us now examine the lines of force in the two configurations 

(5. 15a) and (5. 15b) when the two quarks and two antiquarks are relatively 

close together in space, but the distance between the quark pair and 

the antiquark pair is much larger than the distance within the pairs. Such 

a situation could be produced by annihilating a quark-antiquark pair in an 

initial baryon-antibaryon state as shown in Fig. 5.4. Ke see that with the 

baryonium color coupling (5.15b) shown in Fig. 5.4b, the lines of force 

traversing the space between the quarks and the antiquarks are the 

same as the lines of force within a single quark-antiquark pair. However 

the t:-;o meson color couplin, m (5. l5a) shown in Fig. 5. Ib, has twice as 

many lines of force traversing this space. Thus it is plausible that a 
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baryoni-x :>.pe state S created from a baryon-antibaryon system 

might o:.2;?r to decay by creating a. quark-antiquark pair and breaking 

the lines Of force to return to the configuration of Fig. 5.42 rather than 

changing the color couplings to the configuration (5. 15a) shown in Fig. 

5. lb which requires rearranging the lines of force to a state of higher 

energy for this particular spatial configuration. This argument is not 

intended to be rigorous but just to give an intuitive physical picture. 

The TWO couplings (5. 15a) and (5.15b) are not the most general 

couplings to construct a scalar from four vectors. Simple analysis shows 

that there are three independent couplings corresponding to coupling 
_~ 

any two i-ectors to a scalar, vector, or tensor, coupling the other pair 

in the same way and coupling them both to a scalar. However when we 

return to the realistic case of complex vectors and SU(3), there are only 

two independent couplings. The two states (5. l5a) and (5. 15b) are linearly 

independent but not orthogonal and constitute a complete non-orthogonal 

basis for color singlet state of the two quark, two antiquark configuration. 

The state orthogonal to the two meson state (5.15a), has the two 

;- quark-am1 “quark pairs (13) and (24) coupled to color octet states rather 

than color singlets and the two octets coupled to a color singlet. In OUT 

simplified model, with real irectors, this includes the two states obtained 

by coupling the two quark-antiquark pairs to x7ectors and tensors respectively. 

\l,Tith complex I.-ectors, Only one linear combination of these two states 

is a color singlet. 
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Similarly, the color singlet state orthogonal to the bar>-onium state 

X is ob:a.inz,z! by coupling the two quarks and two antiquarks to the 

symmetric sextet in SU(3) and coupling the two sextets to a singlet. In 

the O(3) subgroup of SU(3) corresponding to real vectors the symmetric 

sextet splits into two representations, a scalar and a symmetric tensor, 

and scalars under reai rotations can be made either by taking the product 

of the two scalars or the scalar product of the t>::o tensors. However 

only one linear combination of these two states is a color singlet in the 

SU(3) of complex vectors. 

VI. COLOR SPIN (IVL++GNETIC) EXOTICS 

6. 1 Introduction 

The question of exotic hadron states has been conFused in the recent 

literature because some authors discover new things and confuse the 

public by giving them old names like molecules which really mean 

something else, while others rediscover old things and confuse the public 

by giving them new names like baryonium. 

-4 more suitable analogy than a molecule for the 0 
+-t 

states of two 

quarks and two antiquarks in the same spatial orbit is the a particle. 

The question of whether or not such bound four-quark states exist can 

be posed as Followers: There are two analogs for the bound quark-antiquark 

meson state, the deuterou and positronium. IF the meson is like the 

deuteron, then h-3 mesons should form a bound four-quark system just 
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as t-.:Y3 2e:;:erons bind together to form a much more strongly hound u 

particle. I! the deuteron is like positronium, the forces saturate and the 

residual force between the two neutral systems is very small and does 

not produce a state more strongly bound than the original ~VD particle 

states. From the experimental observation that there is no strongly bound 

doubly charged state of two positive pions, we conclude that the pion is 

more like positronium than like the deuteron. 

However the positronium analo,T is misleading because there is no 

hound state of three electrons while three quarks bind to make a ba.ryon. 

The force between two positronium atoms is nearly zero because the 

repulsion between the electron pairs exactly cancels the attraction 

of the electron-positron pairs in the two positronium atoms. But in two 

positive pions the quark-quark force cannot be completely repulsive 

because the same quarks must have attractive forces to make baryons. 

Thus the quark-antiquark system has many of the features of positronium. 

But there is an essential new ingredient; namely non-abelian color and 

the color-exchange forces produced by the exchange.of colored gluons. 
8 

-q red quark and a red antiquark can exchange a colored gluon and 

turn into a blue quark and a blue antiquark in the same way that a proton 

and an antiproton can turn into a neutron and an antineutron by exchanging 

charge or a charged meson. This does not occur in the abelian case, 

-,vhere an electron cannot change its other quantum numbers by emitting 

p!lotons. The simplest example of a non-abelian interaction that we 
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kno-v is !:e model of nucleon-nucleon and nucleon-antinucleon forces 

prodtucec 2;: pion exchange or p exchange. In the p-exchange model of 

section 5. 4 the nucleon-antinucleon interaction is attractive in the 

isoscalar state and repulsive in the isovector state. Thus there can be 

no bound state of a neutron and an antineutron or of a proton and an 

antiproton. The bound state is the isocolor eigenstate which is a linear 

combination of proton-antiproton and neutron-antineutron. This means 

that the proton-antiproton and neutron-antineutron states are continuously 

changing into one another by the exchange of charged p mesons. 

This picture shows why states analogous to the hydrogen molecule 

are not easily constructed with non-abelian interactions. An attraction 

between t-,vo hydrogen atoms can be obtained by orienting the two states 

so that the proton in one is closer to the electron in the other than the 

two protons or two electrons are to one another. To see that this cannot 

be done in the model of two nucleon-antinucleon pairs bound by p-exchange, 

let us tr;: to put two such nucleon-antinucleon bound pairs together so 

that a nucleon in one pair is much closer to an antinucleon from the 

other pair than any other pairs between the two bound states. The 

nucleon is changing rapidly from neutron to proton as it exchanges charged 

mesons -.~it!~ its partner and the antinucleon is also changing rapidly 

betwzen antiproton and antineutron T>Ihile it exchanges mesons with its 

partner. Thus. the nucleon from one pair and the antinucleon from the 

other are part of the time in an isovector state where the interaction is 
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repulsir:e 2nd part of the time in an isoscalar state where the interaction 

is attract:-:e. The net result l.vith these isospin couplings is zero 

interaction because the attractions and repulsions exactly cancel as 

shown above in Eqs. (5. 1 - 5.9 ). Attractive forces analogous to molecular 

forces between atoms cannot be obtained by introducing only spatial 

polarizations. Color couplings must also be changed and the result 

Eq. (5. 9) is a much weaker force. 

Thus the dominant forces binding quarks and antiquarks into hacirons 

saturate at the q?j and 3q levels. The qq?j?j system behaves more like 

two positronium atoms than like an c( particle. However one can ask 

whether residual forces much weaker than the color charge force might 

still produce binding of o-particle-like configurations. This would be 

analogous to having very strongly bound deuterons which bind together 

into comparatively weakly hound cy particles. 

1n the early days of the quark model and SU(6) symmetry, it was 

not clear x:hether meson states with spin greater than one would be 

produced by adding more qq pairs to the qq system or by orbital excitation 

:- of a single qq pair. 
56 The Q-particle-like configurations of two quarks and 

two antiq.Jarks y;ere considered seriously and there were searches for 

states having the appropriate quantum numbers. States with two quarks 

and t;~vo antiquarks all in the lowest relative s-states have J 
P 

= o+, 1+. 2+; 

exactly the same values obtained for a single quark-antiquark pair in a 

p-xave. Thus both models predict the same angular momentum and 
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paritT- c~.!a.3t~.m ~::r~hers for the next s;r. -t of exciizd states above the 

pseudo;;<:alar~ ant: :-ecior mesons. [-Io:veT:er t:vo quarks and two antiquarks 

can give exotic isospin and strangeness ql?antum numbers not found in 

the qq system with orbital excitation. :%fter several years of searches 

for exotics, more and more states of higher spins x:ere found with 

non-exotic quantum numbers and none were found with exotics. The 

orbital excitation model gained in favor and the a-particle configurations 

mere forgotten. 
57 

Recently Ja?fe has introduced a new idea. 55 
He considers the 

binding of two quark-two antiquark states into c-particle-like configurations 

by the spin dependent force analogous to the magnetic or hyperfine interaction 

in atomic physics. In contrast to the atomic case where hyperfine 

splittings are very small compared to orbital splittings, the hyperfine 

splittings in hadron spectroscopy 3s indicated by the pr and NA splittings 

are of the same order of magnitude as orbital splittings and could produce 

strong effects. Jaffe finds that the lowest lying states bound by these 

+ 
magnetic interactions should appear as 0 states with non-exotic values of 

isospin and hypercharge. This natural result oi the model, obtained 

\z;ithout a~.\- fudging or adjusting parameters, completely invalidates the 

ar g ument tilat t1”.e failure to find low-11.ing states v;ith exotic quantum 

numbers rules o::t c-particle-like configurations. 
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6. 2 The Flavor Antis:;mmetry Principle 

Jafie 
55 leas suggested the existence of ~exotics bound by the 

“magnetic-type” spin dependent forces arising naturally in the colored-quark- 

gluon (QCD) models. The prediction rests on much more general ground 

than the specific M. I. T. bag model used in Jaffe’s original derivation. 

The essential physical input is that the N-A mass difference is much 

larger than the binding energy of the deuteron: 

MA - Nx >> ?eIn + WI - M 
P d (6.1) 

where n, p and d denote neutron, proton and deuteron, not quarks, and 

this equation shows that there are problems of ambiguities in both the 

pnX and uds notations. 

The physics of Eq. (6.1) is that the dominant spin-inde~pendent 

(color charge) forces which bind quarks into hadrons saturate at the 

q?j and 3q states and the residual forces between color singlet hadrons 

is only of the order of 2 MeV like the deuteron binding energy. However, 

the spin dependent force responsible for the mass difference between the 

X and 4 is very much larger, of order 300 MeV. Thus if two hadrons 

are brought very close together SO that the quarks in one can feel the 

interactions of the quarks in the other, there is only a t-ery weak force 

if the wave functions of the individual hadrons are not changed. However, 

if the spins of the quarks are recoupled to optimize the spin dependent 

interactions between the quarks in different hadrons, binding energies 



of the order of 300 5IeV are ai,ailabIe and could give rise to bound 

exotics. ti the quark-antiquark system, the p-rr mass splitting shows 

that 600 1IeV is gained by changing the spins from s = 1 to S = 0. 

Jaffe has simply used the X-A and p-r mass splittings as input 

for the strength of the spin dependent interaction and calculated its 

effect in binding exotic configurations. Gnly one further ingredient 

is needed, the color dependence of the interaction. In coIor singlet qF 

and 3q systems, every q?j pair is in a color singlet state and every qq 

pair is in the antisymmetric color triplet state. Exotic configuratim s, 

even if they are overall color singlets, can have some qif pairs in the 

color octet state and some qq pairs in the symmetric sextet state. The 

interactions in these states are not obtainable from observed masses, 

and are obtained by assuming that the color dependence of the interaction 

is that obtained from the spin-dependent part of the one-gluon exchange 

potential in QCD. Evider?ce supporting this interaction is the agreement 

with qualitative features of the low-lying hadron spectrum not obtained 

in any other \vay, in particular the sign of the N-A and A-Z mass 

splittings. 
58 With this form for the interaction, its contribution to the 

binding of exotic hadron states is easily calculated by the use of algebraic 

techniques. 

One result of the algebraic derii-ation is simply expressed as the 

“I^lar~or-antisSimmetry principle. 
1, 59 The bindin,g force between two 

quarks of different flavors in the op!imum color and spin state is 
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stronce:~ than the binding force bet\veen tx:o quarks of the same flavor. 

.4ltho-_z:: the forces are assumed to be flavor-independent, their color 

and spin dependence appears as a flavor dependence because of the 

general:zed Pauli principle. For maximum binding the state should be 

overall symmetric in color and spin together. Thus if the quarks are 

in the same orbit and therefore symmetric in space, they must be 

flavor antisymmetric. This is seen in the N-A example where the 1 = i/2 

state is lower than the I = 3/2 state even with isospin independent 

forces, because the Pauliprinciple requires the correlation between spin 

and isospin of (112, 1/2) and (3/ 2, 3/2) for a color singlet state. 

The flavor antisymmetry principle requires the most strongly 

bound state of a system of quarks and antiquarks to have quarks and 

antiquarks separately in the most antisymmetric flavor state allowed 

by the c.uantum numbers. Thus for example the lowest state of the six 

quark system has th? configllration ( t~uddSS) with no more than tu:o quarks 

of any 5::e rlavor. 

the general question of dibaryon bound states-and resonances as s& 

quark s:;stems has been considered by Jaffe,50 with the prediction of a 

lOw-lying six quark state as a bound state or resonance of the AA system. 

The exact values of the masses Of these states calculated by Jaffe can be 

questioned because of uncertainties in parameters appearing in the bag 

model t;t certain qualitatixre features are reasonably clear. The spin- 
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dependen: force betlxeen quarks in the two barvons still be strongest in 

the ii.\ system because of the flavor-antis>mmetry principle. The exact 

values oi the masses depend not only on the strength of the spin-dependent 

interaction, but also on other effects not included in the model caiculation 

and difficult to estimate. However, if these other effects do not depend 

strongly on flavor,dibaryon bound states or loT::-lying resonances are 

most likely to be found in the A-A system. 

It is interesting to note that multiquark bi2dti.g lies outside the con- 

ventional Su(6) classification of hadrons. In the SU(6) symmetry limit 

the nucleon and the A are degenerate and the color-magnetic forces 

responsible for multiquark binding are absent. The existence OF magnetic 

multiqluark exotics requires SV(6) symmetry breaking, and may be related 

to other SU(6)-breaking effects in addition to the mass differences. One 

poss<rrle ef;cct is the fiilite neutron ci:arge radius, which vanishes in the 

51 
SU(6) s)-mmetry limit. Czrlitz et al. hare suggested that this results. 

from the same spin-dependent interac:ion which gives rise to the mass 

splittings and h2ve made a quantitati-e estim2. re v:ntch agrees with esper- I 

iment. Ir is interesting to note that the sign of the neutron charge radius 

is seer. inmediately from the flaxwr antisymmetry principle. In the SU(6) 

symmetr:,’ limit the spatial separation between an:,; quark pair in the 

neutron is the same 2s that of any other pair and there is no spatial 

charge distribution. Ereaking SE(6) x?ith the “flavor-antisymmetric” 
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interac:iQn provides 2 stronger attrxtit ‘e force between quarks of different 

rlavors 2nd distorts the SU(6) v:ave fbunction to bring the ud pairs in the 

neutron closer together than the dd pair. Thus the negatively charged d 

quarks ir, = farther out on the average than the odd I: quark which likes to 

be closer to the differently flavored d quarks, and the charge distribution 

is negative at large radi?x and positive at smaller radius. 

So far there is no experimental evidence for a strongly bound AA 

62 
state, F.nd there is some evidence against it. Hypernuclei with t:vo 

A’s have been observed, 
63 

and are bound by only about 5 MeV more thzn 

the binding of two single A’s. A AA bound state with a much 

stronger binding energy would be expected to be formed in such hyper- 

nuclei. The failure to observe this transition might be explained by 

selection rules or barrier penetration factors. But zny such mechanism 

preventing formation of a bgilnd sta te by two A’s p-rcseni in the same 

nucleus for a time ecl”31 to the h d?cay lifetime should prodLIce even 

.- 

greater inhibition in any experiment v;here the tv:o A’s are produced in 

a stror?;: intrrzction collision znd ar? CiOsc tog’fthei. ior a much shorter 

time. There may b,-- man--body cfk,-is in the ,.>* ‘;‘-oernccleus v:hich 

invalidzte this argument; c. g. repnlji;-e cores in the A-nucleon interaction 

might ?retTent the t\:;o A’s fro-m Coming too close together in the presence 

of 3 ftiite nucleon dcnsiiy. But errce?: for such effects, the existence of 

the lightly bound .\A hypernuzlei srzgest thz: strongly bound AA states 

are not easti:; produced even if they exist. 
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For ;he qq% system ilal-or antk;-rnmetry gives tV0 very interesting 

qualita:i:-e 
I- 3’) ,1 

predictions.~’ ’ 

‘1. The lowest states do not hay-: exotic qrSantum numbers. 

2. The lowest ststes which have both charm 2nd strangeness 

include exotics. 

These predictions are simply derived by noting that 2 four body 

system must have two bodies with the same flavor if there are only 

three flavors. Since the flavor-antis?mmetry principle requires the 

flavors of the quark pair and of the antiquark pair to be different in 

the lowest states, the two bodies with the same flavor must be a 

quark-antiquark pair. The flavor quantum numbers of this pair cancel 

one another and the quantum numbers of the system are those of the 

remaining pair 2nd therefore not exotic. Prediction 1 gives 2 natural 

explanation for the absence of low-lying states with exotic quantum 

numbers, while allowing low-1)in g four-quark states with nonexotic 

quantum numbers. Jaffe has called such states “cryptoexotic. ” Prediction 

2 follo\x;s from the observation that the flavor antisymmetry principle 

is easily satisfied with exotic quantum numbers when there are four 

flavors . Thus exotic states with both charm 2nd strangeness may be 

found in tile same m2ss range as the loy>;est F and F mesons with both 

charm and strangeness. 

‘i:.e now examine some experimental implications of these two 

3redictioi5. 



-79- - FERMILAB-Conf-77/93-THY 

6. 3 Low-lying “Crypto-Exotics” 

Experimental evidence seems to indicate that the lowest lying 

fi 
0 mesons are not the quark-antiquark p-states, aS formerly believed, 

but are indeed four quark states, while the quark-antiquark 0 ++ 
states 

are up at higher mass together with the other p-wave excitations like 

the f” and A2 tensor mesons. It is significant that the lowest states 

predicted by the colored-gluon exchange model form precisely a nonet 

‘+ 
of o-? states without exotic quantum numbers. Further experiments 

will tell whether these states are indeed four-quark states and will 

establish the existence of higher states. 

The four-quark states constructed with flavor antisymmetry have 

very different properties from the quark-antiquark states with the same 

quantum numbers. -4n isovector non-exotic, for example, is required 

to have the quark constitution like (USE); it must have a strange 

quark-antiquark pair to avoid having tv:o quarks or two antiquarks of the 

same flavor. Thus isovector four quark states will decay dominantly 

into modes containing strange quarks, KK, 74, etc. This is very 

different from the decays of conventional qUark-antiqUark isovector 

states, like the A.2, which decay into nonstrange channels like pn without 

This property is masked in the 0 
i+ 

any inhibition. isovector, the 6, 

because it is below the pn and the I@ thresholds and its dominant decay 

mode 17: is ambiguous because of mixing in the r7 of both strange and 

nonstrange components. Eut striking features in decay rates should be 
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seen ire : ~.? iirst folx-quark isovector state :::hicil is above the pi and 

the XI; ::-~esholds. In unusua1 decay pattern is seen for the tensor 

meson 5 lvith the quantum numbers of the A2 but which does not decay 

into p- :ut rather into Iii?; I<$’ and q~ and for the axial vector meson AS 
i; 

with the qtiantum numbers of the R, but with the 6: decay dominant 

and OJ forbidden. The (~7 decay mode is particularly interesting, since 

it is forbidden for all normal quark-antiquark mesons by the OZI rule, 

while perfectly allowed for four quark states. Thus a search for 6~ 

resonances might be an interesting way to find four quark mesons. 

The isovector non-exotic has a degenerate isoscalar companion 

formed by coupling the nonstrange quark-antiquark pair to isospin zero. 

This isozcalar state will also decay dominantly into modes containing 

strange suark.5. This contrasts sharply with the behavior of the degenerate 

isoscalar isovector doublets of the quark-antiquark configuration like 

pw and I‘.\2 xvhere both states are coupled more strongly to nonstrange 

than to strange channels, and another isoscalar state like the 4 and 

the f’ not degenerate with the isovector is coupled dominantly to strange 

channels. Thus the observation that the S”‘, the isoscalar scalar meson 

nearly degenerate with the 6, couples dominantly to kaons supports the 

classification as a four quark state. 55 

T:?e observation that the t and the S”’ are scalar mesons lying 

below the 0 which is the lowest vector meson in the (El configuration 

has in?“:esting implications for the nexo particle spectrum. If we assume 
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:he charm-strange nr.alogy and replace all Grange quarks in the 6, S 
:‘- 

and 6 b- .:harmed quarks, \ve predict the existence of isoscalar and 

isovector scalar charmonium states denoted by hc and S” with 
C 

configurz!ions like (uii c?) which should lie below the lowest (cE) vector 

meson state, namely the J/4. If we replace only one Strange quark in 

::: 
the 6, S and d by charmed quarks, we predict the existence of exotic 

charmed-strange states with configurations (udc?.) which should lie 

below the lowest (cs) vector meson state, namely the F”. We now 

consider these possibilities in more detail. 

6.4 Charm-Strange Exotics 

The four-quark states with four different flavors ard the same 

color-spin couplings as the low-lying 0 
+-I- 

nonet constitute a set of 

charmed-strange scalar mesons which are expected to lie in the same 

mass range as the t\vo-quark charmed-strange F mesons. These 

include exotic states whose quantum numbers differ from those of the F 

by having either the wrong sign of strangeness or the wrong isospin. 

The two tvpes of states are denoted by $I (udcs, etc. - wrong isospin) 

e” 
and FS (udcs, etc. - wrong sign of strangeness). The “crypto-exotic” 

(uGcS) four-quark state with the same quantum numbers as the F is 

Q 
denoted b:; Fx. The F 

I 
can be considered as an Fi; or DK resonance or 

bound state, the FS as a UK resonance or bound state, and the Fx as 

an excited F coupled to the IlIC channel. One way to see the relation of 

these exotics to the low-lying Oi nonet is to note that changing a charmed 
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% 
qULXli t0 2 strange quark in the FI and F oives a state in the Ok+ nonet, x5 

r_ 
y,vhile Fs has no such charm-strzmge 2nalog state. Rough estimates of 

their masses are near the DIi threshold. If the :S and Fx are below 

the DK threshold, as appears likely, they would be stable against strong 

decays and decay only weakly or electromagnetically. 

Table 6. 1 lists these states with their quark structure, quantum 

numbers, dominant strongly coupled channels, possible weak and EM decay 

modes and their “charm-strange analog” states in the light quark spectrum, 

obtained by changing the charmed quark to a strange quark. 

One way to see how spin-dependent forces can bind a charmed- 

strange exotic is by examining such an exotic configuration created by 

bringing together a D and a TK meson. The spin-dependent force between 

the zantiquark in the DS and the s quark in the Ii- can be made stronger 

by recoupling the spins. In the D+-Ii- system these two spins are 

completely uncorrelated since both the Df and Ii- have spin 0 and are 

spherically symmetric. Thus the 2 s system is a statistical mixture of 

triplet and singlet spin states, 75% S = 1 like the KAi and 2.5% S = 0 like 

the K. Xodifying the v’ave function to give the spin coupling of the 2s 

system a larger S = 0 component produces additional binding on the mass 

::i 
scale of the 400 >,IeV K-K imass difference. A wave function 75% S = 0 

and 25” S = 1 instead of vice i-ersa would gain 200 XeV in binding. Since 

such recoupling oi the 2 and s quark spins changes the spin couplings of 

each of these with ihe other quarks, the lowest configuration must 
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mir,imi:e t!le total spin interaction energy of all pairs. The dependence 

of the ir.;e:action on color couplinqs xust also be considered, and is 

treated b>- the use of the SU(6) color-spin algebra introduced by Jaffe. 

The spin-dependent interactions of the charmed quark are much 

“: 
smaller than those of light quarks, as indicated by the small DD mass 

splitting relative to the px and KK:” splittings. This is also expected in 

QCD models, where the “magnetic ” interaction of a quark is inversely 

proportional to its mass. This also suggests that the D+K- system will 

be bound, because recoupling the spin of the 2 anti-quark in a D+ to 

a more favorable configuration with respect to the spins of the quark and 

antiquark in the K- can only lose a small amount in the more unfavorable 

coupling of the CT system. The worst possible coupling can only lose 

::: 
the D-D mass difference. 

Exact mass predictions for charm-strange exotics are difficult 

because of uncertainties in the model. Rough estimates are obtained 

by use of the charm-strange analogy, in which mass relations for systems 

involvinz strange quarks are assumed to hold when one strange quark is 

replaced by a charmed quark in each state. Examples of the success of 

this analogy are Eqs. (2.1 - 2.6). i\hile the theoretical basis of these 

mass relations is still not understood, in particular why linear masses 

work in some cases and quadratic masses work in others, the observation 

that Txhatever works for strange quarks also Tvorks for charmed quarks 

suggests /hat the analogy may b- - used lo extrapolate relations from the 
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systems :-,-it5 ‘Lwo stran,b aa quarks to systems x!?ih one strange quark and 

one cj12~~::; ql.~~k. ‘.:.‘e ass~ime that tile i (970) is a four-quark exotic 

7 
3 state i;i?h the configuration (qqsg), yvhere q denotes u or d light quarks, 

and note the inequalities 

, 

?J(r, 1 i &I(rr) < ?J(b 1 < 2X;I(IO . (6. Za) 

Changing one strange quark to a charmed quark everywhere gives 

>I(F) + :\;(;r) ? :I(+ qqcS) < X1(1<) + M(D) (6. Zb) 

where the question mark expresses the uncertainty due to mixing in the 

n, lvhich is not a pure SS state and therefore not strictly the charm-strange 

analog of the F. Thus the statement that the 6 is below the m threshold 
h 

and deca:rs to n T leads to the analog that the I; should be below the DIi 

threshold and might decay to the FT, but it might also be below this 

threshold. 

We now consider the most interesting possiblities for decay modes 

and signatures for the different mass ranges: iVote that the Fir decay is 

forbidder. by isospin for strong decays of the Fx, the F2;i decay is 

forbidden bj- angular momentum and parity for all strong and electro- 

magnetic <ecays and the 173: channel is probably well above Dii 

threshold. 

1. Ail Safes A450\7e the DK Threshold: Strong decays would be 

recognized as resonances in mass plots of the DK, LIE', i?I< and m 
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S~StellE. Decays in the 7:~ and F3;i mode v;ould also be allowed for the 
-- 
F,. Par’iculs.rl~- striking signatures ~:.-ould be the double-strangeness 

decay modes 

-” 
- D+K 

- - -+t 
=S 

- K Ii ii 77 

r 
- D-Ii+ 

+i-- 
=S 

-K K -x ii 

2. States below the DK Tllreshold but Above FT. The I’I would 

still decay strongly to final states ccntainkg an F, but the F, would decay 

_ 
electromagnetically and the FS weakly. The Fx - F decay is a second 

+ 
order 0 -O- transition with the emission of either two photons or no 

(6. 3a) 

(6.3b) 

photon, 

L 
Fx- - Fi + 2y 

.& 
F * -. F- .;. To 

x 

There is also the first order radiative decay 

F+ 
* 0 

x 
-+Fiiy . 

-‘in intermediate F”‘y state could be present in the decay (6.4a). 

-*other possible decay for the Fx is into the F I , if it is above the 
z 
FI. There would khen be the cascade decay, 

(6.4a) 

(6.4b) 

(6.4~ 1 

I - +. (2,, or e ‘e ) + Fi + r” + (2~ or e+e-) . (6.4di 
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in this OT -. O+ transition, t!le eTe- decay can go via a single photon arId 

‘& of secti> r)rder in c like !he 2y dcca:.-. 

The Cabibbo favored weak decays of the gs would be to states of 

strangeness -2. States with two charged kaons would provide the best 

signature for identifying these states, since neutral kaons lose the memory 

of their strangeness by decaying in the T7 “L s 
and Ii modes, 

“” 
FS 

-. K-K-T+ i (leptons and/or pions)+ (6.5a) 

7 

FS 
- .~k+;;- f (leptons and/or pions)- (6. 5b) 

Strong 1~” 
2 F 

signals--might be expected in the & ii combinations, and there 

should be no D present in the final state. Decays to the four-body final 

states KK;r: might be the best signature, analogous to the decays (6. 3) 

but <without the intermediate DK state and with the possibility of one or 

:‘: 
two I< ‘s. Another possible signature is in the two-body neutral decays, 

0 0 
-K Ii - KSKS (6.6a) 

x 

FS 
- K 

0 0 
I< - KSKS . (6.6b) 

Xote that the decay (6.6) can give only neutral kaons and not charged 

kaons because the final states have strangenes s 12 and zero electric 

charge. Thus although these final states have lost the memory of the 

double strangeness part of the memor:r remains in the absence of the 

charged t~:vo-body kaon decay- modes. .Since nearly all other non-leptonic 
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decavs i-.:3 iinat states containing kaon s tend to produce equal numbers 

Of Cil2?.~Sf ZClCiIleLlt~31 kaOIlS, the presence of anomalously large numbers 

of neutrri :;aons without the corresponding number of charged kaons might 

be a gooi indicator for the gS. 

Because the same final state E(,& is produced both in the decay 

of the FS and the ?S, there can be mixing of the two states as in the 

neutral kaon system. In the approximation where CP violation is 

neglected the mixing wiIl lead to eigenstates of the mass matrix which 

are CP eigenstates. The decay (6.6) will then be allowed only for the 

eigenstate which is even under CP. The state of odd CP will not be able 

to decay into two pseudoscalar mesons. 

3. States Below the 11Ei and F;r Thresholds but -4bove the F. The 

-‘rt 
FI 

v,oulc! decay electromagnetically by two photon emission 

(6.7) 

h 
The other charge states of the FI would decay weakly. The multibody 

decays v;ould resemble the expected decays of the F with an extra pion, 

and the Cabihbo favored decays would be into states of zero strangeness. 

Ln addi:ion there would be the two-body decays 

z I-f; 525 

FI 
-1 7 7 

F ” 0 g 0 _ T+;;-, _oyo, + 
I’ I 

1; I;- , !<& . 

(6.8a) 

(6.8bl 
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The exotic double-charge signature for the decay (6.8a) might be a 

useful indicator for this state. 

The t.,vo-pseudoscalar decay modes (6. 8bi are all states of even 

CP for a J = 0 final state. The two states go and zIo can be expected 

to mix like the neutral kaons. L’ CP violation is neglected then the 

eigenstates will be CP eigenstates and the even state will have the decay 

modes (6.8b) while the odd CP state will not decay into two pseudoscalars 

ad will decay to three or more,in the nonleptonic modes and into semi- 

-0 70 
leptonic decay modes. Xote that this FI - FI mixing will be much 

stronger than K” - K” mixing in a gauge theory, because it can go via 

exchange of two-intermediate V,’ bosons, with all vertices Cabibbo 

favored and no cancellation of the GIN type. 

4. States Below the F. This is highly improbable, but if the $ 

is belo\,: the F, the F would now decay into the gI and the roles of the F 

h 
and FI would be reversed. 

Note that if the F - FI mass difference is less than the pion mass in 

either direction there wit1 be a particle whose dominant decay mode 

is electromagnetic with the emission of a low mass photon pair or electron 

pair. The mass spectrum of the pair will be continuous, but its maximum 

must be less than the pion maSS. 

6. 5 Are There Low-Lying Charmonium Exotics? 

1:-e have seen that the classification of low-lying 0 mesons as 

four quark states and the charm-strange analogy relating the qualitative 
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svstema.iics of systems containin g chummed quarks to known systems 

containin? strange quar!ts lead to the prediction that the charm-strange 

:‘: :‘: 
analogs of the 6 and S denoted by 6 and S’ 

c c with the configuration 

(q2jcc) should be lower than the J/$. This suggests that perhaps the 

peculiar state at 2. S GeV might not be the pseudoscalar n, at all but 

rather a scalar 6 c’ 
This would ,please theorists like ‘t Hooft who want 

this splitting betreen the pseudoscalar and vector charmonium states to 

be considerably less than 300 ?IeV. 

There is therefore interest in investigating the possible existence 

and properties of the hc. How could it be made and how would it decay? 

Higher charmonium states might decay into 6 c and one or more pions, 

without violating the OZI rule. One might expect all charmonium 

states which can decay hadronically t0 bc plus pions to be very wide. 

flowever angular momentum and parity selection rules seriously restrict 

the states which are allowed to decay into 6 
C 

and pions. The final state 

6c~ has unnatural parity and even G. The I = 0 states produced from a 

strong decay of charmonium would then have positive C. Thus of all the 

low-lying s and p xave charmonium states, only the oc, nIc and the 

A 
;c (1 :I would be allowed to decay into 6 c plus a pion. 

The final state ‘L c 
+ 2~ has I = 0 only if the two pions are in an 

1 = 1, odd ,J state like the p. The final state, bc + p has odd G and could 

be produced in t!le decay of the +‘. It would be interesting to see whether 

this decay exists in present data, whether it is ruled out and if so, what 
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the upper limits are on this decay. The Oc could also be produced in 

a radiati;-e decay of the & . 

The decay modes of the hc include 

6C + YY 

6c -’ oy 

6 
c 

-’ 17” 

6 
C 

+pw 

6 c - P4 

6 c * 1‘3 (KsKs) 

;::T. 
6 - K K’ 

c 

The possible production mechanisms for the 6c thus include 

qJ’-+y +X(1+) *3.5- yin+ bc 

I)’ y i 6 
C 

t$“p + 6 
c 

(6.10a) 

(6.10b 1 

(6.10~) 

(6.10d) 

(6.iOe) 

(6. 10f) 

(6. log) 

(6.9a) 

(6.9b) 

(6.9~) 

To look for the 6 
c’ 

one of the decay modes (6.10) should be 

chosen io give a convenient signature and one of the production 

mechanisms (6.9 1 might be suitable. The decay modes (6.lOc)-(6. 10f) 
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all have c.zntum numbers forbidden [or the decay of the i)c and would 

disting-is> between the t-,:.-o possibilities. The decay modes (6.1Oa). 

(6. lob) and (6. 1Og) are allowed for both states. 

AX discussion of the present experimental states of the suggestion 

that the state at 2.8 GeV might be the n, is given by Gottfried. 64 

VII. CAN WE UEASIXE THE CE4RGE OF A QUARK? 

7. 1 Quark Charges, Coherence and Color Oscillations 

The fractionally charged colored quark model has provided an 

adequate description of hadron spectroscopy, 8, 52.65, 66 
except for the 

failure to observe the quarks experimentally. Theoretical arguments are 

presently being developed to explain the unobservability of free fractionally 

charged particles as resulting from a fundamental confinement mechanism. 46 

However, other models have been proposed, beginning with the Han- 

Namba model, 67 which obtain all !he conventional results of the fractionally 

charged quark model from a set of integrally charged constituents. 

The basic difference between the fractionally charged and integrally 

;- charged .model is in the description of the internal color degree of freedom. 

Fractionally charged models assume that color is an exact symmetry of 

nature, ihat all observable hadron states are color singlets and that 

color is inherently unobservable. Integrally charged models assume 

that color s:;mmetry is broken by the electromagnetic interaction in 

order to gin,-c different values of the electric charge to quarks differing 



opJv in color and havin; the same values of all other quantum numbers. 

To avoid comlict with existing experimental data on observed hadron 

states, ~1.1 s>Jch states must be color singlets in the integrally charged 

models, but the possible existence of observable states at higher 

excitation is not ruled out. ~Xperimentti observation of such color-excited 

states would establish the validity of these integrally charged models. 

However, such states could lie very high in mass. Theqestion arises 

whether it is possible to distinguish between fractionally charged and 

integrally charged models below the threshold for color excitation. 44965.68 

One might think that the electric charge of the quark is observable 

directly from~ measurements of the electromagnetic couplings of hadrons 

as shown in Fig. 7.1 since these hadron cou~plings are commonly 

assumed to be given by the sums of the couplings of the constituent. 

quarks. Eov;ever, the coupling of the electromagnetic current to a color 

singlet hadron depends only on the color-averaged quark charge cQ> 
C’ 

i.e. the average over color of the charges of quarks having identical 

values for all other quantum numbers except color. This can be seen 

because a color singlet state is completely symmetric in color space and 
;- 

can give no information about a particular preferred direction in this 

space; e.g. !he charge of a red quark rather than that of a blue quark. 

The color-averaged quark charge does not contain information on whether 

quarks of a11 colol,s have the same charge or whether the charge depends 

upon cola;. A measurement of the color-averaged square of the quarkcharge 
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<Q2> sho;ild give this information. If <c>2>c differs from <Q>c 2 , there 

must be 2. cc11or dependence of the quark charge. IIowever, it is not 

simple to devise experiments on hadrons which measure <Q‘> for a 
c 

given quark in a hadron, as shown in specific examples below. 

One of the difficulties in interpreting results of simple parton-type 

models in cases where color symmetry is important arises from peculiar 

quantum-mechanical coherence effects. IS an example consider a model 

in which strong interactions exactly conserve color symmetry, but 

electromagnetic interactions break the symmetry by giving different 

electric charges to the red, xvhite and blue quarks. The weak interaction 

can also break the color symmetry, but might be simply expressed in 

a different basis from the red, white and blue quarks which are eigen- 

states of electric charge. For example, there might be purple and lavender 

quarks, defined as tv;o orthogonal linear combinations of red and blue 

quarks, rotated b:.; a Colorhibbo 
69 angle. 

Suppose that a color singlet meson is given a high momentum 

transfer b>- a strong interaction which sends the quark in the meson to 

the moon, \r:hile the anfiquar!c remains on earth. Since strong interactions 

conserve color, the system is still in a color singlet state. If an 

astronaut on the moon measures the electric charge of the quark and 

finds that it is red, then the antiquark on the earth must also be red, and 

similar-l- I‘or blue or white. .Gut if the astrona>Ji does a weak interaction 

e.uperiment and finds that the quark xas purple or lavender, then the 
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antiquark on the earth must also be purple or lavender. Thus vihether 

the densi::; matrix describing the antiquark on earth is diagonal in the 

red-blue or purple-lavender basis depends upon vihether the astronaut 

on the moon chooses to measure an electromagnetic or a weak property 

of the quark on the moon. This is a manifestation of the famous paradox 

of Einstein, Podolsky and Rosen. 

Such coherence properties arise in parton models where non-abelian 

symmetries are present. One generally draws diagrams like those of 

Fig. 7.1 in which one parton absorbs a photon and behaves as if it were 

free during the interaction. However, it is only as free as the quark on 

the moon in the previous example. If it comes from a color singlet 

hadron state, a measurement of its electric charge by a photon absorption 

process as in Fig. 7. 1 affects the properties of the rest of the system, 

even though there is no interaction. This effect appears in the relative 

phases or the contributions of the three diagrams shown in Fig. 7.1, 

where the photon is absorbed by a red, white aad blue quark respectively, 

If this phase information is ignored and the contributions of the diagrams 

are added incoherently, the results obtained can have serious errors. 

-in example of the importance of relative phases in cases where 

internal symmetries are present has been pointed out in the deep 

inelastic production of exclusive finai states on a pion target by the 

isovector component of the photon. 
b5 ~~,_ 

Since the initial state has odd 

C-parit;:, only final states with odd numbers of pions can be produced. 
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Ho J.T e I- er , i parton model in which individual quark par-tons absorb the 

photon z:ld the amplitudes are added incoherently loses the G parity 

information and gives equal production of states with even and odd 

numbers of pions. The G parity information is contained in the relative 

phase of the contributions from pairs of diagrams which go into one another 

under the G transformation; i. e. those in which the current is absorbed 

by a quark and by its G-conjugate antiquark. 

An important effect which must be understood to avoid pitfalls in 

intuitive treatments of color is the phenomenon of color oscillations. 

These are analogous to the strangeness oscillations in the neutral kaon 

system and the neutrino oscillations which have been suggested as 

possibly occurring if two neutrinos have different masses. Consider a 

colored quark-antiquark state of a red quark and a red antiquark. 

This is not a stationary state but oscillates between red-antired, white- 

antiwhite and blue-antiblue, just as the Ii0 is not a statiorary state but 

oscillates between Ii0 and Tf” as it decays and v and v 
e 1 

are not stationary 

states and oscillate in some models. The frequency of the color oscillation 

is determined, as in the neutral kaon and neutrino cases, by the mass 

difference between the true stationary states of the system. In the 

color case this mass difference is not very small, like the K 
L 

- KS or 

neutrino mass difference, but is very large. It is the mass difference 

between the observed color singlet mesons and the as yet unobserved 

color octet states. Thus color oscillations occur at a very rapid rate. 
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In models :l;here quarks are permanently confined, this mass difference 

is infinite and color oscillations occur with infi,?ite frequency. The 

color of a quark is thus unobservable, and all properties of quarks 

measured in confined systems must be color-independent. 

In models where quarks are not permanently confined and states 

which are not color singlets exist, the threshold for color-octet excitation 

defines a critical mass and a critical time at which drastic changes in 

particle physics can be expected. For times long compared with this 

time scale, the color oscillations are SO rapid that all quark properties 

measured are averaged over color and there is no hope of distinguishing 
. 

between fractionally charged and integrally charged models. To observe 

the difference in properties between quarks of different colors, an 

experiment must have a built-in time scale which is short in comparison 

\vith the color oscillations and xvhich can measure the charge of a quark 

before it changes. This suggests that the experiment must have an 

energy or mass scale which is above the color threshold. Thus the 

question of distinguishing between models below then color threshold 

becomes one of measuring short-time behavior with lower energies, 

‘,Vith these difficulties in mind we examine the possibility of 

observing a color dependence of the electric charge. 

67 Models like the ?ian-Sambu node1 are constructed to make color 
averages of all natris elements of the electromagnetic ccrrent 
exactly equd to these of the colored fractionally charged model. 
The difference between the currents of the tBo xadels has no color 
singlet coz,ponent and Tts color average vanishes. Let us write 
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.J 
23 

= J (8 1 ) i AJ, G f’c (7. lai 

where - 
rodei4dG. ‘.s 

the electrszagntic current in Greenkerg’s colore< quark 
t::c.x rhe frzctimal c:harge.s 

mdel, 22-i tie argmxtts 6 -, 1 
of the Gell-?>.orL-Z~veig quark 

denote that this current transforms 
under flavor and color likg a’n octet efid singlet respectively. in 
the Han-?:axbu model , AJ is a flavor singlet and color octet. Thus 

JHX = JG(8f,1c) + Wl,,sJ . I 

The matrix elements of AJ thus all vanish between color singlet 
states, 

matrix 
2nd AJ is unobservable in any neasurement described by sucb 

a element.8..5~~ 55 

The electric charges of the 
the current operators. 

quarks have the same structure as 
T‘nus the charge of a quark of flavor f and 

color c in the Han-iL’&~u model is given by 

Q,,(f,G = Q,(f) i- rQ(c) 

where Q deyends only on flavor and is independent of coior, and AQ 
dependsGonly on color. 
Q 2nd Q2. 

We thus obtain for the color werages of 

<Q,,(f)>, = Q,(f) 

<Qx~<W2> c = Q,(f)* +<LQ(cj2> c = Q,(f)* + WV) 

w&e the value 2/9 is obtained by substituting the numerical values 
of O,,(f,c). 

AS icy:: ss LJ has pi0 observable effects, i; is inpossible to 
distizgufsh between the integrally acd fractionally c‘narged modc,ls. 
There 2re ::;3 
cbseriir.; 

possible appr~a~h2~ tO ti:E! observation OF LJ: 1) by 
c:,ites r,!?lic!l are POC color slngiers, 2) h‘l obszrvin- u 

nztris ele.rents of opera tars which ;~re quadratic in J between 
color sir.:lei states. Since states which are not cOl%J singlets 
have a presu.xzbly hizi excitation threshold to explain the failure 
to observe theil tn date, we consider the possibility of detecting 
tJ belo!< threshold by neasurezents on color singlet states of oper- 
ators quadratic in AJ. 

7.1 Two-Photon Decaps of Pseudoscalar and Tensor hIesons 

(7. Ib) 

(7. Icj 

(7. Id) 

(7. le) 

One i;?portsn: c.zse where effects of color have been observed 
in a second order electromagnetic trar.sition is in the decay xo”yy. 
Decays of this type of neson into two photons zre assumed to be 
described by a triangle diagram.32 Ue consider all possible decays 
of coz’~non nesons which have allowed two-photon decays, namely the 
pseudoscalar and tensor nesor?s: 
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0 
r; + 7-Y (7.k) 

rl + 2.1 (7.2b) 

n' + 2.1 (7.2~) 

f0 + i!y (7.2d) 

A2 -+ 2y (7.22) 

f' -+ 2) (7.2f) 

The contribution of the triangle diagram for each of these 
decays is obtained by suming the diagrams for different quark 
flavors with the appropriate mighting factors for each meson. The 
transition matrix element far this diagrm with a quark of flavor f 
is proportional to the square of the quark charge and is given by 

t+(f) = M 1 [Q(f,~)]~/~~,=~l <Q(f)*>, , (7.32) 
c 

where His the reduced transition matrix element which contains the 
dependence mall degrees of freedom except color. Substituting 
from eq. (7.le) into eq. (7.32), we obtain the relation between the 
transition matrix elements in the Grewbe= g model and the Em-Nmbu 
model, denoted by NG(f) and P&(f). 

C&(f) = fi>l [Q,(f)' i %Q2>c] (7.3b) 

z,&(f) = PIG(f) [i + (2/g)/ Q,(f)*] . (7.3c) 

The expressions (7.3) can be written for the specific cases of 
u,d 2nd s quarks in the following convenient Eorm, 

X(u) = 3x (GG!ic) /Y (7.42) 

:,I(&) = 1.1(s) = 6 r.r(1+2x)/9 (7.4b) 

where !: is a paraneter describing the dmiation from the fractionally 
ch.zrg?:! colored quark model and w hxv? set Tc=3.K,(f) is given by 
setting x = 0 in eqs(7.4) 2nd i, iiN is given by sf'tmlg K = I. 
Interoediate values of K are also of interest as will be sho~~x~ below. 

-For the decay oE a 7' which is a coherent linear coabination of 
a uu end da state with equal magnitude and negative phase, the trm- 
sition matrix element is proportions1 CO the diffcrencz x 
This difference is seen to have thz 

,(u) 
stce value in both ~.~zels. 

- IJ.$d). 

l+(u) G - 14T(d)G = l/ 6 = XT(~)H;z - '"r(d)H;I (7.52) 

A,si~ilar equality holds for the decay Of the II* which is the eighth 
coiopona~t of an octei and depends upon t‘he linar combination 
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The sr;:istical facto; Gin eq. (3) has bea uzed as evidence 
in f2vor of color in the experti2ntz.l value of the T + '<y decay 
rate. 3:;2ver, eqs. (7.5) shox that it is impossible to distinguish 
betwzer. fractionally and integrally charged nodels with this decay or 
the deczy of the isoscalar unitary octet nesorr. This is also evi- 
dent frm the form of A3 in eq. (7.lb), which is a flavor singlet. 
Squaring AJ gives an operator which has a color singlet component 
and is observable in the space of color singlEt states. But because 
it is a flavor singlet, it cannot contribute to the decay of a 
flavor octet state. 

For the decay of a flavor singlet i12son, the two mdels give 
different results, 

~(1~) = (l/c) 1 x(f) = X*(2/3)*(1+x) (7.6) 
f 

unfortunately this difference is not easily chzcked experimentally. 
The physical rl' meson is a mixture of singlet .xd octet and is at such 
a high n.ass that the PCAC derivation for the &solute rzte of the 
ii0 decay is unreliable. Kinematic factors resulting f;oz the q-q' 
mass difference confuse any conparison of the two rates. 

Thus, although P + yy decays appe+red to have natriir elements 
quadratic in AJ whic‘n muld distinguish between the tw models, 
this is not feasible ix practice. The situation looks somewhat 
better for an ideally nixed nmet, like the tensor.nesons, where the 
mass degenerxy between r.onst+z.nge isoscnlar ztd isovector states 
C3US"S L. 111 kinematic factors io drop out in thz ratio of the decay 
rates. ?or the ideally nixed f" end f' deceys. 

>i(f') = (l/G) [>l(u)+:(d)I (7.74 

X(Q) = (l/C [:x(U)-!~~(d)l (7.7b) 

)Y(f') = K(S) (7.7c) 

Substi:Ecing eqs. (7.k) in:J cqs. (7.7) gives 

?:(fO)/:~(;\2)/:i(f') = [(5/3)+(4/3)rI/l/[ !t,m)+(21?/3) li] (7.8) 

Since the decay rates are proportional tO the squares OF the r,+trti 
elEXVZ;ltS, the ratic of the f to A2 decay rztes is predicted ro be 
g in the IIan-?!ambu nod21 in comparisoz vith 23/9 in the fractionally 
charged mdel. Furthermore, the f' decoy rate is predicted to be 
larger than the A2 decay rate by a ficror of 2 in the iian-Smbu 
Rodel and lor~er by a factor of 219 in the fractionally charged 
model. These appear to be large obser,isble effects. 
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Add.i:ianal ?>ssibilitics of observing t'hz differences between 
the r2.t-i~ elements (7.72) and (7.7b) arise in coherent pro uction 
of tbz 5' and A2 4 resonances by two photons in the reaction+ 

i- ee + e+e- + yy + e+e- + M" + e+e- + PP (7.9) 

where 1,:' denotes 2 neutral nonstrange n~son v'nich is a coherent 
linear combination of f" 
scalar r.esons. 

and A2 and PP denotes aOstate of two pseudo- 
In the approximation where the f and A2 are 

degenerate, SU(3) syaetry and the OZI Rule give the following 
results for the relative cross sections for the production of dif- 
ferent PP states: 

Fl(KfIc)/H(K?)/ tii(r+T;-) = (4+21:)/(liZk)/(5t4~) (7.10) 

xqhere the transition matrices b $, F.ust,be Squ2red and multiplied by 
appropriate kinenatic factors to obtau the observed cross sections. 
The kinematic factors should be identical for th= charged and 
neutral kaon final states but may'be so:lfxhat different for ttie two- 
pion state. The results (7.10) are easily obtained by observing 
that the f" and A2 are linear conbinetions of the uu and-dx states 
and that charged kaon pairs are produced only via the uu state, 
neutral kaons only via the dd state and pion pairs only via the 
even G f0 state. 

The relations (7.10) are derived under the assimi,tion that the 
f" and A2 are degenerate and have th2 same rridth. Calculations of 
the charged and neutral kaon pair mass spectra show that the qual- 
itative features of eq. (7.10) rercain when the masses and widths of 
the physical particles are introduced and exh resonance decay is 
psranetrized by a Breit4Jigner curve. In addition a strong inter- 

ference effect appears in the region between the f' and the A'2 from 
the overlapping of the tails of the resonances. 5Jith~ the Han-Gmbu 
model these interference effects should be soxlerzhhat different, and 
night be used to distinguish between the two nodels. 

The relations (7.8) and (7.10) look very proinising for distin- 
guishine betrpen the two models if the simple triangle diagram 
descrijes th2 deczy en d its trsnsitioa natris elemznt is given by 
equation (7.3). ;".ocr2ve+, there are dcubts about the validity of 
this dsscription for the tenSOr m2SOiiS. 

Suop~s2 th2 triangle disgran of fig.7.2 is interpreted as the 
successive emission of tl:O phOtOil*. Then an intercediate state 
exists of 2 quark-antiquark pair witi: the quantua nu&?rs of the 
photo-, a vector zoson state which is either 2 color singlet and 
flavor mtft or flavor singlet and coior octet. The transition 
matrix ele-r?ent cczputed fcan this diqran x~qust include J. propagator 
for tile interoediate state. From ~(1s. (7.1) it is apparent that JG 
appears in diagrax with color singlet internzdiate states 2nd AJ 
appears in diagrsx with color octet intermediate states. If color 
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octet srites have a high threshold, diagrams with color octet inter- 
nediats s~etes will be suppressed by propagators relative to 
diagrz.ns :rith color sinslet intermediate states. Tnus the effect of 
the colcr threshold will reduce the contribution of the terms 
dependi upon AJ below the values gi?:ren by eqs. (7.3)) (7.4), (7.6) 
and (7.6). Since the contribution of A3 is seen from eq. (7.3b) to 
be positive definite and to be given in eqs. (7.4), (7.6) and (7.8) 
by the tern proportional to K, the reduction of the contributions 
from AJ are expressed quantitatively by reducing the value of K 
from unity in these relations. 

For the case of the pseudoscalar meson decays, the existence of 
the axial anomaly allows tke transition matrix ele-lent to be 
expressed by a triangle diagram dominated by high mamentn where 
color thresholds are hopefully no longer import.ant. For other 
cases where there is no anomaly, there is no reason to expect this 
doininance by high t?.omenta in inter= -diate states and color thres- 
hold effects can bz important. Unfortunately, the large deviation 
from ideal nixing makes the us.2 of pseudoscalar decay rates diffi- 
cult for distinguishing between the tw models. The ideal nixing 
of the tensor nonet gives siz?lc predictions, bat these ;;ay be 
rendered useless by color threshold effects. 

The effects in eqs. (7.8) and 7.10) are SO large that they may 
still be observable even with an appreciable reduction from the 
propagators of she color octet states. The pararceter K will have 
a vale (y/m,) I where nl end wd sre the masses of the color singlet 
and color octet lnternediate-7 

If K is beween 10 
taces wb$ch are dotinsnt in the tran- 

sitions. and 10 , there may still be a 
possibility of observing these effects. For exanple, if lc=ZZ, there 
xqj.11 be 2.n 8% increase in the ratio of the tr:o-photon decay widths 
of the f’ and A2, a 3% increase in the ratio of the.rjidths of the 
f and AZ, a;ld a 3% decrease in the production ratio of charged to 
neutral kaon pairs over the predictions of the fractionally charged 
quark mdel. Thus even if the effects are small, they appear as 
uaiquel:; related discrepancies fro3 the predictions of the fraction- 
ally charged model in three different vays. 

7.3 Deep Lnelastic Processes 

Another type of process where color effects might be observed is 

deep inelastic scattering described by the quark parton model. 
68 

Here 

again the simplest processes cannot distinguisil between integrallg and 

fractionall!: charged models because they are described by matrix 

elements of the currelIt between color singlet states. IPe consider t!le 
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possibilities of observing a color dependence of the electric charge in 

two .,l;ays: i) :Xbove the color excitation threshold: 2) By transitions 

depending q>uadratically o,n the electromagnetic current. 

Once states which are not color singlets are produced operators 

which are not color singlets become observable. However the parton 

model sum rules do not necessarily hold immediately in this new domain 

with the integral quark charges of the Han-Nambu model. The basic 

incompatability between naive parton models and non-abelian internal 

symmetry must be carefully considered before drawing conclusions. 

we now spell out this incompatability explicitly and show the necessary 

conditions for validity of the naive parton model. 

Consider the parton model description of the absorption of a 

current by a hadron. In a model with three colored quarks denoted by 

R, iV and G for red, white and blue, the current can be absorbed by a 

quark parton of any color. There are three contributing diagrams in 

which exactly the same transition occurs on a red, white or blue quark 

as shown in Fig. 7. 1. To calculate a partial or total cross section 

the transition amplitudes for the three processes shown in Fig. 7.1 

must be added coherently and then squared. The naive parton model 

neglects the interference between different diagrams and adds them 

incoherently under the assumption that interference terms have random 

phases and average out. This is the source of error in calculations for 

processes invariant under non-abelian internal symmetries. The symmetry 
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imposes conditions on the relative phases of different amplitudes so 

that the contribution of interference terms does not average olut but is 

of the same order of magnitude as the direct terms. This has been 

pointed out in the G-parity example discussed above. 
65 

Ke now demonstrate this interference effect for color symmetry 

in a simple example. Let us assume that the transition matrix element 

for the absorption of a current by a quark I ‘s proportional to the charge 

of the quark denoted by gP,, gxV and g9 respectively. The transition 

amplitude between a given initial and final state is then given by 

<f 1l.T Ii> = gR<f IAR [i> + gllr<f 1 AW/ i> + gg<f IAS [i> (7. 111. 

where -4 *, ASV and AE are reduced transition amplitudes for the red, 

white and blue quark transitions with the quark charge factored out. 

The values of these reduced matrix elements for different colors are 

related by the color symmetry and depend on the color quantum numbers 

of the states 1 i> and 1 f>. 

For the case where both /i> and 1 f> are color singlets 

<fi I-1,/ ii> = <fl /Alcrl ii> = <fl[9Bjil> E Aili5. (7.12a 

The conlributions of the three diagrams of Fig. 7. 1 are all equal and 

ha\-e the same phase and the invariant amplitude -4 is defined for conveni- 

ence y::ith the normalization indicated. 
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For a transition between a color singlet initial state and color 

octet fir.al states, two linearly independent color octet states occui-. 

For convenience we choose as basic states, denoted by 1 f3> and 1 f8>. 

the vector and scalar states under the SK(Z) subgroup of the color SU(3) 

which acts only in the space of white and blue quarks. For these 

transitions we find 

<f3j AR/ ii> = 0 (7.12t 

<f31 *WI y = - <f31ABlil’ 2 C/\-z (7.12c 

$<ig/AIJil> = - <f8 IAW[~il> = - <fg[ABIil> : C/a , (7.12d 

ivhere the SU(3) color symmetry i-elates the two transitions (7.12~) and 

(7. 12d), and the invariant amplitude C is normalized for convenience. 

Substituting equations (7. 12) in equations (7. 11) we obtain 

<fl IT /ii> = (gR + gltT + g,) -416 

<f3 [T Iii> = (g&. - gg) Clfi 

<f8 IT Iii> = (29, - g,, - gs) C/v% * 

The corresponding transition probabilities are given by 

(7.13z 

(7.13b 

(7.13c 

1 <fi jT lil> / 2 = [ (g,,’ + gTTr2 + g,“) + 2(gRglv + SIvgrn f gBgR)l A21 3 (7.142 
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(7.14b 

i <f8 / T j i,i> i 2 = [ (4gK2 + glTJ2 + g,‘) + 2(g11rgB - ZgRgw - Zg,g,)l C2/6 (7. 14 

ahere each expression is split into the direct terms considered in the 

naive parton model and the interference terms normally neglected. Note 

that when the charges are independent of color the expressions (7.13b). 

(7. 13c), (7. l4b) and (7. 14~) vanish and color octet states cannot be 

excited from a color singlet state, as is expected. 

Equation (7. 14a) shows that when only color singlet final states 

are excited the interferenceterms for all final states have the same sign and 

cannot be neglected without causing a serious error. Thus, the naive 

parton model which neglects interference terms cannot be used when 

only color singlet states are excited. 

Combining equations (7. 14b) and (7. 14~) gives the total transition 

probability for color octet transitions 

/ <f3 1 T 1 ii> 1’ i i <f8 IT Ii*>\ ’ = 2[ (gR2%,2+g,2) - (gpgWiglvgB%$R)] c2/3 . 

(7. 14d 

The interference terms for transitions to color octet final states are seen 

to also all hai-e the same sign and give a non-negligihle coherent 

contribution. Xowever, the phase of these interference terms is opposite 

to that of the transitions for the color singlet final states. Thus the 



condition fgr. the naive parton model to hold is that the interference 

terms ii-om transitions to color- octet final states must exactly cancel 

those from color singlet final States. From Eq. (7. 14) this condition 

can be expressed 

A2 = c2 
1 8 

where the summation on the left-hand side iS over all transitions to 

color singlet final states and on the right-hand side over all transitions 

to color octet final states. 

Eq. (7.15) shows that the naive parton model which neglects 

coherence between the three diagrams of Fig. 7.1 is valid only when 

there is a definite relation between the total cross sections for producing 

color singlet and color’ octet final states. The exact value of the ratio 

of octet to singlet ,production depends upon the values of the coupling 

constants, but is always of order unity. For the Han-Nambu model this 

ratio caa be seen to be exactly unity by noting that the expressions 

(7. lea) and (7.14d) become equal when the Han-Kambu coupling constants 

and the condition (7.15) are used. Thus if the Han-Xambu model is 

correct, the naive parton model predictions become valid only when the 

total cross sections for color singlet and color octet production become 

(7.15) 
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\t-e now ,consider the possibility of observing a color octet component 

in the electromagnetic current in a second order electromagnetic 

deep inelastic process whose matrix element depends quadratically on 

the current. However, as we have seen in the meson decay example, 

the validity of any second order treatment depends upon a model dependent 

factor often overlooked. If the underlying model for the second order 

transition involves successive emission and/or absorption of photons the 

intermediate state between the two electromagnetic transitions must 

have an appreciable color octet component if the effects of the color 

octet component of the current are to be detected. Dynamical suppression 

factors for-this color octet component may prevent the observation of 

such effects, as shown above in the effect of intermediate state 

propagators in the meson decays discussed in section 7. 2. 

As an example of such a suppression we note that the total cross 

section for photon absorption considered above is related by the optical 

theorem to the imaginary part of the forward Compton amplitude. A 

calculation of this second order amplitude without consideration of the 

above arguments would include quadratic contributions from the color 

octet component of the current, which had a color singlet component 

and could give a nonvanishing matrix element for the elastic scattering 

process. However the discussion of total absorption cross sections 

shoxrs that the contribution of such color octet contributions to the 

absorptive part of the amplitude must vanish as long as the energy is 
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below :te color tineshold. A translation of equati0,n.s (7.11) to (7.15) 

into the ianguage of forward Compton scattering shops that the propagator 

of the Wermediate state in the scattering process must be considered 

very careiully and this propagator \,iolates the conditions of the naive 

parton model. 

The essential features of the properties of the propagator can be 

seen by noting that t!le optical theorem represents the absorption 

process shown in Fig. 7. 1 by squaring the amplitude. This square 

includes not only the diagonal terms, like that shown in Fig. 7. 3a, 

in which Figs. 7. ia, 7. Ib and 7. Ic are individually squared but also 

the off diagonal terms, like the one shown in Fig. 7.3b, in which the 

diagram of Fig. 7. la is joined to the conjugate of the diagram of Fig. 

7. Ib or Fig. 7. Ic. [Yhen this is expressed as a diagram for elastic 

Compton scattering it shows an intermediate state undergoing a color , 

change. Even though the conditions of the naive quark model are assumed 

to hold and the same quark which has a&sorbed the initial photon emits 

the final photon, the color of this quark can change during the intermediate 

state as a result of the color oscillations mentioned above. These 

oscillations can be studied in detail by examining the properties of the 

propagator. 

\:‘e denote the t!ree states produced by the diagrams of Fig. 7. 1 

as i F,>, i 1% and 1 C> respectively, corresponding to transitions in 

which a red, white and blue quark absorbs the photon. These states are 

linear combinations of the color eigenstates j fl>, j f3> and / fg>, 
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/ R> 7 (I/,~~~)jf,>i(2i~:~)/ fS> (7. 16a) 

1 \v> = (+J~)jf, > + (1/~%[f,> - (I/G)[fsZ (7. 16b’ 

[B> = (l/fi)[fl> - (l/fl)if3> - (1/fi)1f8> . (7. 16~ 1 

The color eigenstates 1 fl> and 1 f8> have different energies El and Es 

because of the energy required for excitation of color octet states. 

Thus if the state [R> is created at a time t = 0, the relative phase of the 

components / fl> and j fg” change T.vith time and introduce admixtures 

of the other states. For example, 

w[ e -iHt 
IR> = (i/3! e c 

-iElt -iE8t 
-e i (7.17a 

1 <VI 1 e-=t [R>/’ = (4/9)sin2[(Eg-E1X:/21 . (7. 17b 

The color change of a quark in the intermediate state thus takes 

place at a irequenc>r (E8 - El )/ 2. 

Thus the color excitation threshold defines a time or energy scale 

mhich determines whether a given process measures the charge of a 

Han- Xamb-2 quark or the average charge over the color degree of freedom. 

The color is seen to change in the intermediate state at a rate determined 

by eq. (7. $7). If the transition takes place in a time short compared 

to this ci~arge fluctuation time, then the naive parton model result should 

be {-alid ar.d give the charge of the quark. Lf hou-ever the intermediate 

state Ii\-es 2 ion2 time compared to this fluctuation time, the charge 



is a\re;-azed over color. and the results are the same as that given by the 

fractionaii:- charged model. 

The lifetime of the intermediate state is short if it is dominated 

by high momenta; i. e. by states which are high above the color threshold. 

Thus we see again that the relevant parameter is the ratio of the energy 

of a typical intermediate or final state to the threshold for color 

excitations. 

VIII. xIIXSG AP;D PSEUDOSCALAR MESONS 

8.3 Introduction 

\l%y ii SU(3) such a good symmetry in some places and so badly 

broken in others? Khy are some hadrons good SU(3) eigenstates and 

others badly mixed? The quark model seems to give part of the answer. 

Alesons are quark-ultiquark states and baryons are three quark states. 

This pllus isospin and hypercharge conservation automatically force 

most of the hadron states to be good SU(3) eigenstates. Consider the 

i; T, for example. This is the *S (ua) configuration. There is no other 

(qq) state available with which it can mix without violating isospin or 

hypercharge conservation or introducing larger numbers of quarks. 

The ii L is thus a pure SU(3) octet state, even if there is a large W(3) 

violation in quark-qluark interactions. The same is true for all states in 

the lowest meson and hargon multiplets (O-, ,I-, I/ 2+ and 3/ 2+) except 

for t!ie I = I’ = 0 mesons, v&ere we find n - n’ mixing and o -6 mixing. 
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The general conclusion is that X(3) smmetry breaking is strong enough 

to mix ar.y s,. &ates jvhich are allovzd to mix. nut the quark model, which 

restricts hadrons to q?j and 37, and isospin and bypercharge conservation 

leave ver>- few states which can mix. 

iLIixing can be described by perturbation theory in most cases. If 

+O is the unperturbed SE(3) eigenstate and $ denotes the states with which 

it can mix, the physical eigenstate in broken SU(3) is 

I lb&+ +> = c * i+ii’ 
: 1 

where IT i&he interaction responsible for the SU(3) symmetry breaking 

and Ei and EO are the energies of the unperturbed states. 

If the energy denominator is very small compared with V, then 

degenerate perturbation theory must be used, and the interaction V is 

diagonalized in the subspace of nearly degenerate states. This occurs 

in the standard treatment of o - 4 mixing, for example. 

Two kinds of symmetry breaking terms are generally considered: 

1. Mass terms. A flavor-dependent mass term for quarks seems 

to be the dominant symmetry breaking mechanism for the vector and 

tensor mesons. Diagonalizing the mass term gives a good approximation 

to the physical eigenstates. 

2. LOOPS. Hadron states can be mixed by transitions via inter- 

mediate i\vo-particle or multiparticle states. The loop diagrams describing 
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these transitions are of tv:o types, depending upon the nature of the 

intermediate state. 

a. Gluon loops. Since gluons are assumed to be flavor singlets, 

al1 glum intermediate states are flavor singlets, and they are connected 

OII.IY to flavor singlet hadron states by the conventional gluon emission 

and absorption interactions. Thus gluon loops do not break SU(3) in 

this approximation. However, they must be considered in cases where 

there are other interactions which break SU(3 ), because they affect the 

amount of breaking by the other interaction. 

b. Hadron loops. Even if the three point functions for coupling 

a hadron tb % two-hadron intermediafe state is assumed to be SU(3) 

invariant, these loop diagrams break SU(3) when the ~physical masses 

are introduced for the propagators 01 ’ the intermediate states. 

8.2 The Axial Vector (4) Mesons 

.!4s an example of mixing by loops, let us consider the strange 

axial vector mesons l+ classified as 3Pl and ‘Pi in the quark model. 

lie denote the strange members of the A1 and B octets by QA and 
. 

Q respectively. 
B 

The dominant decay modes K:“n and pK are allowed 

for both QA and Q, states. In the limit of SU(3 ) symmetry, conserved 

“parities” Gu and Gv analogous to G parity can be defined by replacing 

isospin by U spin or V spin in the definition of G parity. The neutral 

and charged Q’s are eigenstates of Gu and Gv respectively. However, 

the charged p and TT mesons are not eigenstates of either of these parities, 
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just a.s the :< mesons are not eigenstates of G parity. T??l~s there is no 
::: 

selectior. yx:le forbidding I< r and pk’ final states for either of these 

decays. 2 the QA and QB are produced coherently in some experiment, 

they contribute coherently to the pfi and Ki”z final states. 7o 

Lf SU(3) is broken, Gu and Gv parities are not conserved. There 

can then be mixing, analogous to w d mixing, between the Q, and QB 

states, even though G parity remains conserved and prevents mixing of 

the corresponding non-strange states. However. there is no ideal mixing 

angle determined by quark masses, as in the o 6 case, because the Q, 

and Q 
B 

have the same quark constituents and are not mixed by a mass 

term. Some other SU(3) breaking mechanism is needed to produce the 

observed mixing. 

Consider the decay of the mixed states 

I Q,> = ~0s 81 Q~> +sin 01 Q,> 

IQ,> = -sin 01 QA> +Cos e/ QB> 

vrhere 0 is the mixing angle. 

::: 
For the 1; in and pK decay modes the branching ratio is unity in 

the SU(3) limit except for differences in kinematic (phase space) factors 

for the two final states. Bowever, because the two octets have opposite 

charge conjugation behavior, the fii -octet decay is described with 

F-coupling and the B-octet decay with D-coupling. T’ne relative phases 

::: 
of the Kp and Ii in decay amplitudes are thus opposite for the two cases 

(8. la) 

(8. Ib 1 
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<I+ 1 Q,, = - <K%/ Q$ 

<I+/ QB> = <I<:::;; j Q,> 

the decay amplitudes for the mized states (8.1) are then 

<KZiZr j Q,> = 
::: 

cos o <Ii a!Q-&> +sin~ <K”i;[QB> 

~~~ 1 Q,> = - cos 0 <K”‘i; IQ,> + sin 6 <K“T IQ.> 

> + cos e <Ki.‘~rQ 
1 B 

> 

<Kp\ Q2> = sin 0 <K”‘-/QA> + cos .9<Ki’-ii[ Q 
B 

> . 

Eqs. (8. 3) show that for any mixing with 2 real phase, the effect 

i:: 
for one eigenstate is to enhance the K 7 decay mode and suppress the KP, 

and vice versa for the orthogonal eigenstate. For 8 = 05 0 
, we obtain 

(8. 22) 

(8. Zb i 

(8.32) 

(8.3b) 

(8. 3~) 

(8. 3d) 

, <K:::J , Q2> , 2 ::: 2: ( <K ii jQA> - <K IT IQ,> I2 
= 

= 1 <Kp( Q,>I 2 ) <K’:T IQ*> + <K:‘rr 1 Q,> 1 2 
18.42) 

Thus Q, is decoupled from lip and 9, is decoupled from K”‘r. The 

decoupling is exact for the case vcrhere the QA and QB states are equally 

coupled to the K”‘z mode and is still a good approsimatiotl over a wide 

range of couplings. For example, as long as 

4 
4 ’ (8.4b) 

.,.n cci,, h1.7, 
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) <IcplQl~/2 j <I<+,, / Qz> f 
j <I<:::ri / (I,> : 2 - )<I<ppJ2> I2 c + - (8.4c) 

A dynamical mechanism which naturally leads to this mixing is 

the SU(3) breaking in decay channels originally introduced to explain 
71 

w $I mixing before SU(6) and the quark model, The states QA and Q 
B 

” 
ar2 coupled to one another via their decay channels K ?r and Kp. 

/ Q,‘, - /K%> - [ Q~> (8. 5a) 

ia,’ - ~KP> - IQB> . (8. 5b) 

ln the- .%(3) symmetry limit, the two transitions (8. 5a) and (8. 5b) 

exactly cancel one another and produce no mixing. This cancellation 

no longer occurs when X(3) breaking introduces kinematic factors 

arising from the mass difference between the two intermediate states. 

These suppress the strength of the transition (8.5b) via the higher mass K:, 

:.: 
intermediate state relative to the transition (8. 5a) via K ii. 

The simple analysis of the transitions (8.5a) and (8.5b) gives 45O 

;:: 
mixing :Or the eigenstates ir^ <I<“T; IQmA> = iK D[ Q,>. This decouples 

::: 
the t\rio states from K pi and Kp respectively. However, a more 

careful a?al>Tsis shows that two partial wax-es are present in the decay, 

s-wave and d-wave, and the result is very sensitive to the relative 

amplit,J,ces an:1 p!laSeS Of the s and d :T..a\V2s. In particular, for the 

ratio of s to ci l;,rave amplitudes predicted b:b~ the n&i\-e X’(6),,. quark model, 
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the transitions (S. 5) vanish and cannot produce mixing, because the Q 
A 

is coupled only to vector meson states with transverse polarization and 

70 the Q, is coupled only to longitudinally polarized states. For this 

reason the mechanism (8.5) for mixing was dropped. 

A recent analysis of the experimental properties of the Q mesons 

suggests a mixing of SU(3) eigenstates with a 45’ mixing angle with one 

of the eigenstates decaying only t0 K”‘;i and not to Kp and vice versa for 

the other state. 72 

Now that the SU(6)iTT predictions are known not to agree with 

73 
experiment, particularly in the closely related polarization predictions 

for B and A1- decays, and the experimental data are consistent with pure 

s-wave for the Q decays, the mixing mechanism (8.5) should perhaps 

again be considered. I3owever, a more realistic calculation would 

::: 
consider the coupled channels K pi and Kp through the resonance region, 

with phase space factors changin, 0 within the resonances because of the 

proximity to threshold. 

8. 3 Troubles 1Vith Pseudoscalar Mesons 

The vector and tensor meson nonets are well;described by attri- 

buting all the SU(3) symmetry breaking to a flavor-dependent quark mass 

term, and assuming nonet degeneracy except for this mass term. Many 

experimental predictions of this description have been successfully 

tested. However, the analogous predictions do not work for the pseudo- 

scalar mesons. At first it was assumed that some additional interaction 
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could c!:mge t!le mixing arqle from the so-called ideal mixing produced 

by the quzk mass term, and ptienomenological predictions were made 

in which the mixing angle was left as a parameter to be determined from 

experimental data. However, these are also in disagreement with 

experiment. 

~‘he conventional IItiing description seems to be in both expzz- 
iTent al and theoretical trouble for tie pseud~~~dar n.esoxs. The 
,, and r,’ do not behave li’k? orthogon;tl nixtures of a single W(3) 
singlet and a single SU(3) Octet. Xore complicated nixing is 
indicated prh-ps requiring ir.c~usior, Of2;2;;BilY Gcit& States 
as x,&l as ground stat? csn?iguraLio:.s. * 

‘&e LlSe of the qalr r.:o:iel to detemine r.irin:: 2n:;ics of neu- 
tral r1e5oF.s fro;n esperizsc~a 1 tata or neutral ~;sca;l pro?-xtion 
PrOc~~~*~ y-5 first suzz~estf'! by: C. ;iz:;cnd2r. LhlS rork, based 
on ‘-\,c Lei.jp.-F’raill<furt ,l.idi:i-;s quarl: i-.ndel 52* 76in xhizi! every 
h~dron 2;2.2sicion is c.~3i.rz- q--‘---d io invol,r2 or.ly ox act i-r: quark Mth 
al1 -e--diai27 cL:13r!:5 hehn-Tin;, 3s spzz:ztors. prss2atcd ;1 nuzbcr of 
predictions r.;hic]l have since b?e11 S~S’.LT to be in very good agree- 
nilnt \rit!l e:xpfrj.menr . ‘hese include tiz first derivst%o-;l of the 
A . ..z rule for four point functions, 2s the prediction that 7 produc- 
tion is forbidden ir. :S reacti0r.s sixe the process requires tvo 
active quarks in the SaE ti.adron. Also obtained r~ere tb..E: prediction 
of 110 e-o:ic t-channel e,:changes and SOZ~ *IJKI rules and er,ua’,ities 
xhicb are listed belor:. Analysis of a decade of expzri?zntal data 
shor.1 2 consistent pattern of good agreezeni rlith all predictzd 
relations for processes of vector meson production and strong dis- 
agreex.ent y;itb reiations for processes of pseudoscalar tenon 
production, particularly for relatiox involving n’ production. 
!?e suggest that an appropriate conclusion frail these results is that 
the quark node1 description indeed holds for these processes, but 
that so-erhing is b~roi?p rqith the pssudoscalars, particularly the q’. 

ne relevant sun rules are the c‘narge exchange slum rule (CHEX) 

o(s-p ~~> Ton) + o(ir-p-> rin) ” G(i?--p +rl’n) 

= 0(x+, + KOp) c 0(x-p -r i?,, ) 

8x1 the strangeness exchange sua rule (SEX) 

a(K-p -f ny) + a(K-p -q’Y) = a(K-p + r;OY) + o(a--p + KOY) 

(8. 6a) 

(8. 6b) 
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These sm rules hold for any meson “onet ar.d do not nake eny 
assunptia? about the nixing angle, except for the conventional 
description of the n a”d 0’ as two orthogonal linear cosbinations of 
pure ST:(j) singlet and octet states defined in terns of 2 single 
nixing ;-gle. For the case of ideai nixing, es i” the vector 
mesons :.he two sun rules each split into two equalities, WE); 
becons 

o(r-p -f I$“) = 0 (8. 7a) 

r;hich is just the .A... z rule, and substitEti”g (8.7a) into i8.6a) 
gives 

a(rr--p -+ CO”) + 0(7-p + on) = c(I:+” + K *x0 p) + a(C-p -+ K*=“). 

With ideal r;ixi”g SEX becones 

(8. 7b) 

a([:-p ” UY) = ,J(i;-p + :-OY) , (8.8a) 

o(K-p -t QY) = G(i;-p -t K*=Y) . (8.8b) 

The relatio2 (8.8a) is see” also to be s consequence of the A...2 
rule for the meson vertex. The incident !:- contains no d for d - 
qunrks or antiquar?<s and therefore produced via the uu conponent 
which is i! linear conbination 0: the tr:o vith eq”aL weight. 

If there is no rlxing, which is e rough approxinatiox for the 
psec4osza:2r ii2.Jons, t:ie ci:irSc escii9~nfie slli7 ri~?.e si3plififs io 

3(.,:-p . . roT.) -i :o(r-p --rjgn) = g(i;-‘~, + i:‘p) + s(i:-p + i?n”,, , (8.9~~) 

,7(:-p .I tisn) = 2G(--p -’ nln) . @.9b) 

~11 rile vector xaeson relations (8.7) and (8.8) are i;l excellent 
egrez-~n; with esperkent. Howver, the pseudoscalar meson rela- 
tions (8.6) nzd (8.7bf) 2re in strong disagreenent. The reletion 
(8.7a) azrees with experiment if the q is assuxed co be pure octet. 
rnis s-;aesrs that the conventional picture in which there is 
soall :i::iog cay be valid for the r~, but t’hzt so;;lething is vroxg 
with the ?I’, and it is rrrong in the direction that the n’ hes en 
inert piece in the vsve function which does not contribute to the 
sum rulrs (3.6) and (8.7) 

>;ore recent evide;;ce of trouble in the ri - Q’ syste;l comes 
from date presented at this conference on “eutr2.l meson prodr?ction 
in K-p resctions at 4.2 Ce’J/c. The previously observed trouble 
vith the SZ sum rule!8. lb)! is confirmed with higher statistics. 
1” addition there cay bz dcfficulty with back,::ard production. 
Okub077 nas pointed out that co”vcntioxl rlixing predicts that the 
ratio of ?’ to .n production rust be a universal constant in ell 
processes where there are no active strange quarks, 
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O(fi f 2 -> 1’ + X) = -A = 
Icii’l~ ns>12 

O(A f 3 -t rl + Y.) :+**>I2 

r:her f r, , 3 arxl S do no-, co-ts.in strmge quarks andq denotes :he 
particzlsr linear cozibin2tion of il znd ri' which contains onlv non- 
strange quarks, the anaiog of the phjjsicz1 a. Ckubo finds a-value 

of a large nunber of processes. 9ut 

I: = (2.0+0.66)/(1.27~0.39) (8.ll) 

for the ratio of q' to n production in the backward direction in 
K--p + nr; or All'. If this is a baryon exchange process, the coupling 
of the n and Q' to nonstrange baryons should also go via th.z q 
component and the processes should satisfy Okubo's universalitys 
relation (8.10). The fact that K > 1 for this case !i;7ereas K < 1 fsr 
all nescin exchange process~-s investigated by Okubo Eight suggest a 
difference between r.esm exchmge ad baryon exchange, if the 
discre?z.ncy of less tbzn t?m standard deviaticms proves to be 
statistically significant. ?"nis is agz.in consistent with thz 
description of the $ as having n piece ia thz w;?~1e funstim. r:hich 
does not cmtribute t3 t.. 'me iTeso* e.xch2nge SW! rules 'because of poor 
overlap v:ith the 1;a~;e fucction of the incident nzssn. For bzryon 
ei:ch3r,~? th.xe is no s;-ch a;-zrlap int;;rzl and the additional piece 
cwld lxvc a sizeable cmcribntion, &ivinz a hizier :' production 
~~0s~ scccicn r-cln;.i!:fi i3 :'15 '1 than in T!.zsnn exchange reactixls. 

\.: 2 su~;g':" that ther; is indws an ad:'itional piece i,n the ~1 
II~VC Edxztion 2nd :hat it is a rxiiailv oxcited configuratiaa. This 
leads to ii re-examicar ion of the stmisrd ni;:ir,l; folklors and the 
discovery that it is conpletely unjustifiez. 74 In a :onxlation 
which begins with unperturjzd sinz.?sr and OCtft states ir the SU(3) 
synnetry limit, there is no reason to assune that W(3) s>mxetry 
breaking should admix only the lowest ground states of th7e sir&et 
and octet spectra. This nay work for the tenxr and vector xz.ons, 
here thz entire nonet seems to be degenerate in the SU(3) symmetry 
licit 2r.d :he dominant breaking of nonst s'+Tetrp is by 2 quark 
nass terz. The degenerecy suggests thz use of degenerate perturba- 
tion theory which diagonalizes the s)rLnetry breaking interaction in 
the space of the degenerate unperturbed states. The n~ss tern hz~s 
no radisl dependence and rmuld not mix ground state and radi-lly 
excited vave functions which ire orthogonal and uould ha.2 a zero 
overlap integral. 

nor the pseudosczlers xhere there is a large singlet-octet 
splitting in the SU(3) syrzetry limit there is no reascm to use 
degenercte perturbation theory and nix only ground stat2 :;a"2 func- 
tions. Furthermore, the singlet-octet splitting can cmly be 
produced by an interaction which violates the A...Z rule because 
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it is nar diagonal in the q~lark bisis and nixes S; with UC and da. 
The acce?ted mechanisx for such A.,.2 vFolation In tie pseudoscalars 
is nnni':,ilation of the quark-antiquer? pair into gluons end the 
creatiaz of another pair. i;.ere there is no reason to restrict the 
pair crertion to the ground state configuration. There is no over- 
lap integral between the twc~ qs states, as the intermediate gluon 
State does not renertber which radial configurstion it cezf from. 
of the Ep.nihilation p;ocess depends primarily on the valise of the 
qy wtve function at the origin, then ail radially excited configur- 
ations couple with eccal strength for uave functions frca a c 
confining linear potential, 

Thus there is considerable reason to suspect that ths trouble 
with pseudoscalar meson sum rules is in adnixture of a radially 
excited ;~ave function into the n’. 022 might expect the rl to be 
p~rer be~~.~se, the W(3) flzvor octet state does not couple to gluons 
which are singlets and because it is the lowest state, far in mass 
from the nearest W(3) singlet radial excitation, The rt', on the 
other hand is sittins in 'between the ground state a?d first radially 
excited octet states and vould be espe;ted to niu with both, Sate 
that ni:<ing of the octet ground state and first radially- excited 
octet state by an SU(3)-sm?Ietric pocextial need not be considered 
because it is merely a change in the rrdial wave functim. This 
mixing can ‘be transfcrmed away by choxing a new radial basis (i.e. 
a slightly different potential) for vhich the nodified grsund wave 
func-ion in the original basis is the exact ground state in the 
new basis. 

IX. 1PHY ;1RE THERE I\ZYSTERIOUS REGULARITIES 
IN HzXDROK TOTAL CROSS SECTIONS? 

9.1 Flavor Dependence of Hadron Total Cross Sections 

The very precise experimeIlta1 data79 now available on pion, kaon 

and nucleon total cross sections give us some information about the 

differzzce between the interactions Of strange and nonstrange particles 

\rith matter. Careful enamination of the data show very clearly that 

there is a difference between stran,.. c= and nonstrange particles and that 

there are puzzles not explained by ths quark model. This is strikingly 

shown in linear combinations of cross sections which have no Regge 
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compoxnt and are therefore conventionally assumed to be pl~re pomeron. 

t 
The I< p and pp channels are exotic and have no contribution from the 

leading Rsgze exchanges under the common assumption of exchange 

degeneracy. The following linear combinations of meson-nucleon cross 

sections are constructed to cancel the contributions oftheleading Regge 

trajectories 

G(%) 22 *(fp) + cqx-pj - G('-p) / (9.4 

A(;K) = G(x-p) - u(K-p). (9.1h) 

Figm.e 9.1 shovs these tvo qusntities o!? the cOnVentiO?al plot of 
cross secticn versus Flab on a loq sz12. 

6(&p) as define5 b;; 'i‘q. (-9.1~) iS k?Z quark zxiel 
expression for c(%); i.e., the cross seztian for the scattering 
oc a str2r.5s oeu2r:T.-2?ti q:~.a:it 32Fr 02 2 -,r392. T-e verf sirc?le 
ener,m,. 53:?7-.:io_r Of tki S quer--Lity as seen iz F1g. 9..1 is striking. 
It ShOX z r.~xotoric z+sz 'pzinfi'_nz 2:lr+-$r Sf 2 CeV/c. 

Tne qantity A(i;K) aefine,i jy Eq. (Y-lb) represents the 
<ifference in the scatte-ing O? a strange particle and. a nolstrange 
particle on a proton target. In the quark rzoielthis is the 
difference between the scattering Of a stranze uAu2r% an< a non&range 
quark on a prcton target after the leading Regge contributions have 
been rer3ved. This differen.ce betveen strange and nonstr&se also 
has a very simple enera behavior, cecrezsing constantly an? ver, 
slowly (less than a factor of 2 over a ranse Flab of t;;o orders of 
magnitcte). So far there is no 6035 exp1enatic?. for vby se:2.ng,p 
and nc:.sfrange mesons behave differently in just this vay. 

Since the t-lo o.uantitI'~rzs 19.1) have 2.3 contribution from 
the leaci? &,-ge trajcctoriss ti?c-,- -r.2pres;-nt s.o:?ethinz looss1y 
called t'-2 >s:1?ron. Zic:e-92r , t.?,eir :npr;::: yr2:,12e.viors are ciffcare.7'. 
fron o:?e en&her an.5 ~2.~0 fro:: tkt of the quztiti_es G(i?>) an& 
o(pp) :r'r.ich sk?ould also br- " DUT? po5:?-o!l. '. 'i.c:rz~rer the foll-,:7fnS 
linear c&zir.ations of U(K+pj ;^r:3. o(>?) hsrre exaCtly the sam? 
energy 'cek-iicr as the reson-beryon Irma? cozbinations (9.1) 
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3 + 
ol(pK) = 2 o(K p) 

1 
- 5 $ppj 

A(m) = $ @pp) - $ ~(K+I,). 

These ~czntities are also @otter in ?ig;.?..l. 

7i'h.e equality of the quantities (9.2) and the correspon?$ng 
quantities (9.1) sugjest thst the psneron, defined 2s xhat is le~'t 
in the total cross sections after the leading ?+ge contributions 
are rem-ted by the steridard prescription, cor?s'_sts of t::0 
componc'ts, one rising slo::ly vith ezerg~~ and the other decreasin- 
slowly. me coefficients in Eo 19.2) were not picked erbitrarily 

but were chosen by a ~atilc~laG'~?o:~el. Ifl this nO5el t‘ne rising 
compone~.t of the tot-1 cross section is assw~r5 to satis57 t:?e 
standar? ouaric mo32l red32 exactly. 

o,(Kp) = ol('p) =; Ui(PP) = ; am = 5 %(E'p)J 

where ‘i denotes a 11 or 7 i;gr?-ran. y.n. 5 felling co?~onerlt has been 
assun to satisfy the folls::in~ rele!;im 

1 2 
02(xpj = F o2 (rp) = 5 c2(:lpj = + G2(Y2) = 5 c2(F?), 

This p-rlicukr bekvioz- is suxgeste5 F-y a rn?ri_=l in 1::~ic.n the 
correction to a sirz>le quar!+-counting XCi?e C^r?es fro? a ZovJble 
exchz-ze diagram in,,olvini; a pomron end an f 
inciden< px-ticle.80 

coupki to the 

We thus see unrtsOlvtt3 Dm"--- in t'ne to-&J- cross- _ _. *-.....d 
sectioz data essociated ritil the questiors of r::lzt is the 
differe?~:? betveen &rang? 22% I?OnStraT55 P2tiicles 2~5 y'fl.c& is the 
nature z? the po.~eron. rIsce t;?2t. zc_. (9.k) tefines the &fl'yrepAce 
betvez7 the scattering o? a zonstr~zr,;~ c:czrk a:?. a stran_;e 
while Z?. (0 
scattcrizg of a qJar% in a .c?;F;on nrl a 3(x*:: in a Z~SS;I. Toe 
fe& tp:zt the stren~--nsnstrec:~~ dii:'-‘5:2?.2.2 225 t.p.5 r.~sop'"!lryoYJ 

i, differen ere eT;sl an3 hz-.,,e cne 5275 c?cl-r;.; -:+?-3vior CY-er such 
a wide rznc~e is E guzzle ::l?ich rmy EE %..T?.air.-i by ~~s::;'~ron-f 
double sxc:ange hut r?ay also Ln-7icci: s~5fkLn~ deeper. 

(9. Za) 

(9.2b) 

(9. 3:a) 

(9.3b) 

.~ 

t 

t 
, 
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9. 2 The Two Component Pomeron Formula 

A :-cry zood fit to the eypzrimenta1 total cross section data up to 

200 GeX-,‘c has been obtained l:Vpith the two components :9.2) and (s ;3) 

parametrized by simple Power behavior. This gives a formula with five 

Parameters l:;hich were adjusted to fit the data., 
80’ 

&WP) = CiyJP) i- C2u2(Hp) + CRoP(Hp) 
L 

vrhere C 
1 

= 6. 5 mb., C2 = 2. 2 mb., Cp, = i. 75 mb.~, 

ai = $P 
lab/ 20 

i’ 

U2W?) 
H H- -Rx 
q r.P;2s!20)-6 

: 
u,(Hp) q (Xi f 2”;)(?~ab,20)-- , 

(9.4) 

(9.5a)~ 

(9. 5b) 

(9.5c) 

pry is the total number of q1.!2rks and antiquarks in hadron 13 (nrH = 2 for 

II-I~SCXE and 3 for baryons), X 
II 

q 

IlS 
is the total tiumber of non-strange quarks 

H H and antiquarks in hadron H and NE and Kp are t+ tot21 number of yi and p 

antiqi.arks in hadron H, E = 0. 13 and 6 = 0.2. 

The dependence of the individual terms iz Eqs. (9.5a) and (9.5b) on the 

quantum numbers of H are determined by the model and discussed in ref.80 

The explicit form for the er?ergy dependence is chosen to minimize ;he 

number of free parameters. Thus pswr behavior is chosen rather than 

logarithmic for the two comPonents or the Pomeron. because tvio Parameters 
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are suilicient to describe a po-.t~er an?. a! Leas? three are needed to d?scribe 

logarithmic behavior. The Regge ier-m l’/+S ChOSen to minimize the number 

of free parameters by assuming exact dualit;? and exchange degeneracy for 

the leading trajectories with th e conventional intercept of o.ne-half. 

The formula (9. 4) predicts t’hat plots of IS tot(HP). (Plab/20f6 vs. 

P (E + 6) 
lab 

should show straight lines for all cross sections and linear 

combinations of cross sections which have no Regge contribution. This 

is strikingly verified in Figs. 9. 2a and 9. Zb, which show straight lines 

for otot(K+p), o;,t(pp), and for the linear combinations (9. 1) and (9, 2). 

A straight line is not obtained for qot(~-p), which has a Regge component. 

However, when this Regge contribution is removed by plotting utot(ri-,p) 

- a,$~-p), as defined by eq. (9. 5c) another straight line appears. 

The formula (9. 4) predicts that the straight lines for (2/3)utot(pp), 

utot(T-pl - uiih-PL otot (k-p), and uirjp) = ol(pK) should have the same 

slope and be equally spaced. This is clearly shown also in Fig. 9. 2a. 

The straight lines for tixK) and LIUVIB) are predicted to have zero slope 

and a value equal to the spacing between the equallyspaced parallel 

lines. This is in qualitative agreement with Fig (9. Za), although there 

is a slight rise, suggesting that the value of 0. 2 for the parameter 6 is 

a bit too high. Similar straight lines are obtained with slight variations 

of the parameters. Changing b to 0. 185 gives a better fit to the data. 
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The extension of the formulai” c e ,. -Jr0 the r?aI part of the amplitude is 
I 

a straightforward application of a.nalyticity and crossir,z, which is particula 

simple fgr terms with power behavior 31 
and gives the follox~/tig expression 

for the ratio of the real to imaginary parts of the Hp arnplitude 

p(m) = 
C1ul(Hp):an (ii~/Z) - C,a,(Hp)tan (;i6/2) - C,aP(Q,) 

L 
qotW) (9. 6) 

9. 3 Fits to High@: Energy of the Tv,o Component Pomeron Formula 

The tot?.1 protori-proton cross section 2~6 the real pzrt of the forvlard 

scattering amplituui 
.82 ‘- I:2ve been recently mezsu?eci a: ISR. Table 9.1 shows 

that the nc\t: data in the enerxi; range equiva!ent to Plab = 500 to 2000 GeV/c 

are in excellent agreemcni ‘.:%th predictions from the five parameter 

formula (9 .G) - (9.6) i:ith no adjustment of the :-alues of these parameters 

from already published values fixed by fits to data beloT:! 200 GeV/c. 

Table9 .1 also lists predictions for higher energies and sho~.vs remark- 

able agreement lsith results from Cosmic Ray experiments 
53 

up to 

P 
lab 

= 40, 000 GeV/c. The plots of fig. 9. 2a are extended to these higher 

energies in fig. 9. 2b and show a good straight line %th the same parameters. 

An equall:- good straight line is obtained if 6 is changed to 0. 185. Whether 

these agreements confirm the validity of the oversimplified two-compocent 

model is unclear. However, the formula can certainly be used as a 

simple parametrization of the data and a guide to the physics of further 

experiments. The ISR group fit their data xvith a seven parameter formula. 82 



Tb.2 good fits o’btair.ed :o ver)- high energy data indic2te that these 

rather c--de approsix2tions are xvertheless 2dequate ua to these clergies. 

As long 2s this reasonable fit continues models containing more detailed 

assumpiions v.411 not h ,e e2sily tested by the a;Yaila’ble data. For example, 

as long 2s a good fit is oblained with power beh2vior for the first component 

the necessity for logarithmic terms c,ill be difficult to demonstrate szLnce 

2 considerably better fit is required to justif]- the tise of addition21 pzrameter: 

The same is true for more detz.ile~ 0: rea!istic cescri?tionj: of the P,egge 

co~npor.ent, since breakin eschnng? degener~~:: or choosing a value 

differen: from one-i?= -If for the intercept neCeSS2rily requires more par2met.e: 

However, as soon as da:2 a?;Jear v:k,ich fail lo fit this formul2, the underlying 

ass~lm?:ions are so simp!e th2t the p!lysics of the dis2greement should be 

re2dil:: 2ppareni. The na!::r-e of t!>e dis?.greement might suggest. Tor exampi; 

that tke rise of the cross sectio;?s is iofizFithmic rathec th2n a pol~,er, 

that ex-:lange degeneracy is breaking do’.vn, or that the Hegge interczpi is 

not one-half. There may also be a breakdown of the k/o-component pomeron 

picture if the dependence on the quantum numbers of hadron H no longer 

satisfiss the simple relations of the model. Thus, regardless of the 

validity of the tv;o component porneroh description,the formula (9.4) should 

be a valuable guide to the analysis of dat2 on high energy total cross sections 

2nd real parts of scattering 2mplitudes. 



P 
lab 

(GeSiic) 
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30.6 

44.7 
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10000 
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40000 

‘100000 
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274. 

433. 
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TABLE i-1 Theoretical Predictions 
and experimental data for CT totb~~) and P(PP) 

~tot(PDl 
Theory 

(mb) 

41.8 

qoJPP) L 

42.8 

Theory Experiment 
(mb) (mh) 

40.0 40-f * 0.4 

41.6 41.7 * 0.4 

43.5 42. 5 42.4 zt 0.4 

44.3 

46.8 

43. 5 43.2 * 0.4 

46. 2 47.0 * 0.2 -118 

49.8 

54.3 

SG. 9 

62. 7 

49.5 50.6 jl I.2 

54.0 53.8 * 2.2 

56.7 55.0 3: 3.0 

62. 6 

P(PP) 

Theory Experiment 

-025 ~042 &.011 

-064 . 062e.Ofi 

-079 . 078 i.010 

.092 . 095 *.01i 

_ 33s 

-156 

.iG3 

.I74 

9.4 Lipkin’s Crazy Parton Model 

Another puzzle is suggested by the fit to the data with 6 = 0. 185 

and E = 0. 13, which satisfy the condition 6 = (0. 5 -,e)/2. This condition 

suggests that the total cross section is the square of an amplitude with 

two components, one varying as P El2 
and one varying as P -114 

lab lab . 

Then u1 and uR represent the squares of these components and v2 is 

the interference term. It is tempting to try to fit this regularity \yith a 

parton model in which the total cross section is assumed to come from 

two contributions: 1) a “Pomeron diagram” in which a quark in the beam 



esc,Y.~~ts a “pome:-on” -.*:ilh the proto target, 2nd then fragments into 

!~:;;z I‘i:.al skate; 2) a _j iLeggeon diagram, ” in which a Reggeon is exchanged 

before irazmentation into a different final state. The new decreasing 

component aZ(Hp) might arise from i nterference between Pomeron and 

Reg2eon amplitudes. One might even explain this interference by 

invoking “f-dominance of the Pomeron” to show that the same complicated 

final states produced by fragmentation after Pomeron exchange can also 

be produced after f exchange, and therefore the two must be coherent and 

interfere. 

The dependence of the Pomeron and Regge diagrams on the quantum 

numbers of the beam particle are exactly those required b:: eqs. (9. 5a) 

and (9. 5c), while the interference term naturally has the flavor dependence 

of the Pomeron-f double exchange of eq, (9. 3b) which leads to eq. (9. 5b). 

STUDENTS: ~OMETITING IS OEVIOLZLY 1VROXG i\ITII THIS MODEL. 

SEE IF YOU CAX GUESS IT UEFORE READIXG F‘TR’I’I~ER! 

i‘nfortunately, the “interference term” f( h’p) also exists in 

+ 
channels like pp and Ii p which have no Regge term., Thus the interference 

model is ir. contradiction with elementary quantum mechanics. iVe are 

left ;T.rith the puzzle: 

l,.‘~i~:,: can hadron total cross sections be fit with three components 

havinz th2 energy dependent e of a Slo~.~il~ rising Pomeron, a decreasing 

Reqge exchange and Pomeron-Regge ir-.terference, -Aen a non-vanishing 

interierence term is present in some cases wkre the direct Regge term 

vanishes ? 
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